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13 The papers contained in this volume were originally presented at the
Symposium on the Chemical Vapor Deposition of Metals and Ceramics held at
the Fall Meeting of the Materials Research Society in Boston,
Massachusetts on December 4-6, 1991. This symposium was sponsored by the
Director of Electronic and Materials Sciences - Air Force Office of
Scientific Research and the U.S. Department of Energy.
The volume leads off with papers on the fundamentals of CVD. Highlighting
these are the invited papers by C. Bernard and R. Madar, and by Soleyman
Gokoglu. They respectively, discuss the thermochemistry of CVD and the
choice of halide gas species, and CVD modeling for high-temperature
materials. Bernard and Madar noted the importance of thermochemical
analysis in the choice of reactions. Gokoglu commented on the relative
difficulty of modeling and the hierarchy of what is understood today.
Other papers on fundamentals discussed kinetics and mass transport in CVD,
with an emphasis on silicon carbide deposition.
A new and exciting area involves in situ diagnostics in CVD. The papers
emphasize both the importance of in situ diagnostics and how this area is
just now emerging. The chapter on microstructure-process-property
relationships reveals the ability to control the CVD coatings to a level
not seen before. Coatings of more than one phase are now routinely
deposited to obtain material with a variety of properties. Chemical vapor
infiltration to produce composite materials in the subject of a chapter
and includes considerable discussion of the modeling of the infiltration
process, which is becoming quite advanced.
The chapter on organometallic CVD focusses on a number of issues related
to precursors and the mechanisms of deposition. In light of the interest
in high-temperature superconductors, a good bit of the reported work
revolved around copper precursors. The last section is on the CVD of
diamond. The papers report on nucleation studies, the nature of the
plasma in plasma CVD of diamond, and in novel techniques for growth.
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P~reface

The papers c:ontained in this voltnri were originally presened at thec Symposium on the
Chemical Vapor Deposition of Metals and Ceramnics hcQld 4,ie Fall Meeting of the Materiak
Research Society in `vllo. assachusetts on December 4-6, 1991. This symposium was
sponsored by the D~irectorate of Electronic and Materials Sciences - Air Force Office of
Scientific Research and the U.S. Department of Energy.

The volume leads off with papers on the fundamentals of CVI). Highlighting tv.ese art!
the invited papers by C, Bernard and R- Madar. and by Suleyman (iokoglu. [11e!v,
respectively, discuss the thermochemistry of CVI) and the chioice of halide gas species, an~d
CVI) modeling for high-temperature materials. Bernard and Madar noted the importance of
thermochemnical analysis in the choice of reat ants. GokoglU conmmented ott the relative
difficulty of modeling and the hierarchy of what is understood today . Other papers ont
fundamentals discussedl kinetics and mass transport in CVD. with ati insphasis on silcon carbide
depo sition.

A new and exciting area involves in sdtu diagnostics in CVI). The papers emphasiz'e
both (the importance of in situ diagnostics and how this area is just now emerging. The Lhapter
on miicrostrueture-process-propertv rel itionships reveals the ability to control the CND) coatings
to a level not seen before. Coatings of inore than one phase arQ tow routinely deposited to
obtain material with a variety of properties. Chemical vapor infiltration to produce ýornposite
materials is the subject of a chapter and includes considerable discussion of the nmodeling of the
infiltraticon process. which is becoming quite advanced.

The chapter on organometalli CVI) focuses on at numtber Of issues related to pre .crsors
and the mechanisms of deposition. In light of the interest in high-temperature superconductors,
a good bit of the reported work revolved -around copper precursors. The last section is on the
CVI) of diamond. The papers report on nucleation studies, the nature of the plasma in plasmsa
CVI) of diamond, and on novel techniques for growth.

T~M. IBesmann
13.M. (Jallois
J.W. Wýarren

February 4, 1992
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THERMOCHEMISTRY IN C.V.D. - ON THE CHOICE OF
HALIDE GAS SPECIES

C. Bernard and R. Madar*
Laboratoire de Thermodynamique et Physico-Chimie M~tallurgiques. ENSEEG, BP75
38402 St Martin d'H~res - France. *Laboratoire des Matdriaux et du Gcnie Physique,
ENSPG, BP.46, 38402 Saint Martin d'H~res - France.

ABSTRACT

The production of thin or thick films of metals or ceramics by chemical vapour

deposition has often been achieved by the use of halide gas precursors. In certain cases, this

choice was made purely for reasons of simplicity: gas cylinder available, gas species already

used in another field, etc. Experience has subsequently shown, however, that this choice

can give rise to significant changes in the nature and proportions of deposited phases. Thcsc

are highly dependent upon:

- the value of the oxidiser:reducer ratio in the gas phase,

- the degree of metal oxidation in the halide considered,

- possible competition between two reducing agents designed to .educe the halide.

These factors, among others, strongly influence the thermochernistry of the deposition

reaction. Their roles must therefore be clearly understood, interpreted and predicted by the

thermochemical analysis. Based on examples relating to silicide, nitride and boride deposits,

an attempt will be made to determine the sensitive parameters and to deduce selection

criteria.

INTRODUCTION

In the deposition processes currently used for producing thin or thick films, a wide

variety of chemical species and reactions is involved: thermal decomposition of metal

carbonyls, metal-organic compounds, hydrides, halides, hydrogen reduction of various gas

carriers, disproportioning reactions, etc. Of all these various possibilities, the deposition
processes based on halides have high potential for industrial development. Some relatively

recent examples give undeniable evidence of this: thin films of Si Ill or W 121 in

electronics, protective SiC 131 or TiN 141 deposits for coatings, Halide compounds are not

however always used in the best manner, especially in the semi-conductor field. With a

view to improving the approach to these systems, this article aims to bring to light the most

sensitive parameters and to propose selection criteria.
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THERMOCHEMICAL ASSESSMENT INSTRUMENT

The standard halide molecule can be written NIX5 In this work, M may be a transition

metal in group pfla to fib i the periodic table or even an element belonging to group 
111

b to

VIb, where X is the halogen F, Cl, Br or!1. The first basic question to be asked regarding

the feasibility of a CVD process is simply how stable is the molecule? This is one of the key

factors in the CVD reaction since, if this molecule is to be transported, it must have a

sufficiently high saturation vapour pressure at relatively low temperatures. This assumes,

therefore, a fairly stable molecule. But as it must also be capable of decomposing on the

substrate at medium temperatures (the current trend being towards lowering this

temperature), the molecule obviously must not be too stable. To study the relative stability

of different gas molecules, it is possible, where specific process requirements permit. to try

different types of metal M from different groups in the periodic table (cf. Table 1 ), to vary

the nature of M or X within the same group in the table (c f. Table 2). or to change the value

of x (cf. Table 3).
From these three tables, it is clear that there is no clear-cut way of finding trends or

fixing general rules, except for the well-known reduction in stability for a given im and x

when changing from fluoride to chloride to bromide to iodide.

To obtain the broadest possible view of the thermochemistry of the systems

considered, it will therefore be necessary to simulate the complex chemical equilibria

involved 151. [61 and, using the various representation methods available, such as CVD

diagrams, or efficiency diagrams, study the changes observed from one halide to the next ats

well as the modifications caused, for a given system, by varying such parameters as partial

and total pressure or temperature. The software used for these simulations is based on

minimisation of the Gibbs total free energy of the system [7 1.

TABLEI

Gibbs energy of formation at 1000 K of certain gaseous chlorides MC12

of the fourth line in the periodic table.

Species TiCI 2  VC12  MnC12  FeC12  CoC12  ZnC],
AG

WJ mol-t1 -260 -242 -293 -187 -137 -272



"TABLE ii

Gibbs energy of formation at 1000 K of gaseous chlorides MCI4 of groups IVA and VA

of titanium halides TiX3 in kJ moll 1

TiCi4 ZrCI4 HfCI4
Group IVA -642 -755 -771

CrC04 MoC14 WC14
Group VIA -323 -285 -239

TiF3  TiCI3  TiBr3 Til 3Group VIIB -1143 -490 -381 -204

TABLE Ill

Gibbs energy of formation at 1000 K of the gaseous chlorides TiCIx, WCIx and MoClx in

kJ mol-1 .

x 1 2 3 4 5 6

TiCl, 49 -260 -490 -642

WCax 439 -239 -234 -220

MOClX -285 -264 -170

RELIABILITY OF THE INSTRUMENT

The thermodynamic approach is, of course, only the first stage in the optimisation of a

CVD experiment [81, and which is often performed for a closed system, supposedly at

equilibrium. However, with regard to the choice of reacting species and sensitivity of the
chemical system to forces induced by reactional parameters, this preliminary approach

already provides a mine of information.

To illustrate the reliability of the thermodynamic analysis, a favourable case was

chosen. However, the complexity of the case studied indicates just how powerful this

approach can be. Figure I shows part of the tungsten silicide deposition diagram

corresponding to the phases deposited from a WCI4-Sil- 4 -H2-Ar mixture for a pressure of

1.31 10 3 Atm and a temperature de 873 K, with an argon dilution of PAr = 1.18.10"3 Atm

[91. To the now classical domains have been added the shaded areas which correspond to
the impact of the combined effect of uncertainties concerning thermodynamic data involved

in the calculation, The boundaries of the various domains are known to a satisfactory degree

in this case. The points A, B, C, D, E were then selected for experimental testing of the

thermodynamic analysis predictions. The theoretical and experimental results presented in

Table 4 show excellent agreement.
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Figure 1: Computed equilibrium CVD phase diagram at 873 K for a WCI4 -SiH4-Il2-A"

gas mixture. Total pressure 1.31 10-3 arm, argon dilution 1.18 10-l atm. I"I

TABLE IV

Solid phases predicted by the thermodynamic simulation compared to experimental results.

Experimentally identified

Position in CVD phase diagram Computed phases (XRD) phases

A Si-WSi2 Si-WSi2-WsSi3

B WSi 2  
WSi 2

C WSi 2-W5Si3 WSi2-WsSi3

D WSi2-W5 Si3 WSi 2-WsSi3

E WsSi3 W5Si 3-W
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IMPORTANCE OF CHOICE OF M AND X

The study for selecting the most suitable disilicide to replace polycrystalline silicon is

a good example in more ways than one 1101. For a MXA + Sil-4 + 1`12 gas mixture, this

study highlighted the following:

- the repercussions of the choice of M on the ease with which it will be possible to

obtain M2Si. In this respect, the size of the respective deposition domains of WSi2 , TaSi2
and TiSi2 on figures 2, 3, 4 is worthy of note,

- the importance of the choice of X with, in certain specific cases, an additional

indication of the role that could be played by the halide which sometimes forms after

decomposition of the halide initially introduced in the reactor. For example, the replacement

of WCI6 by WF6, apart from its catastrophic effect on the size of the WSi 2 deposition

domain, has considerably increased the size of the W deposition domain (cf. Figure 2 and

5). This is not due to the increase in stability of the WF 6 molecule with restx-ct G WCI 6

since, for both of these c-ses, under the stated calculaticn cun. ons, all the available W is

deposited in one form or anothei. The modification in fact originates from the lower stability

of the gaseous SiC14 halide formed which consumes much less silicon than the SiF4

molecule,

- the difficulties encountered in depositing titanium by CVD from TiCI4 , despite the

fact that the deposition of tungsten, whether selective or not, from halides is reputed to be

easy (cf. figures 2, 3 and 4). The case of tantalum is an intermediate one as only a Ta +
Ta 3Si co-deposit is obtained under the conditions studied. This throws some light on the

manner of changing from one case to another and it may also show how experimental

parameters, such as temperature or pressure, modify this changeover. Figures 6 and 7 show

how sensitive the extent of the Ta + Ta3Si co-deposition range is to temperature changes

[11].

IMPORTANCE OF CHOICE OF x

Table 3 shows that the stability of the halide molecule used may increase with the

degree of oxidation x - this is the case for titanium chlorides - or, conversely, decrease - as

is the case for molybdenum chlorides, or remain relatively constant, as for WCL4 , WC15 and

WCI6 . Depending on the stated objective, it will be possible to benefit from such trends.

For example, to deposit titanium nitride from a TiCI4 -N2 -H2 mixture on a temperature-

sensitive substrate, it is relatively difficult to reduce the substrate temperature below a

certain threshold. This result was obtained by choosing a less stable halide, TiCI3, which is

formed by pre-reducing TiCI4 on titanium 1121. The transformation caused by this simple

change in value of x can be seen on the deposition diagrams: figures 8 and 9.
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CONTROLLING PARTIAL PRESSURES OF HALOGEN CARRIERS

When a halide is available in gas cylinder form, eg. WF 6 , BCI3, the possibility of

controlling its partial pressure by means of a simple mass flow-meter is most attractive. This

simple logic is, in many cases, the main reason why cerain industrial choices are made and

which occasionally prove to be disastrous. Moreover certain halides are in the liquid phase

at room temperature, TiCI4 for example, with vapour pressures allowing quantitative

entrainment thanks to an optimised reflux column 1 131. However, many of these halides are

solid at room temperature and their sublimation proves difficult to control. In such cases, in-

situ halogenation would seem to be an interesting alternative and has already been

successfully practised in the synthesis of group III-V materials.

The major problems raised by the implementation of such a technique are as follows:

- existence of multiple degrees of oxidation which, at first sight, create problems for

quantitative monitoring of the reaction,

- the halides formed, often stable, may co-exist with the metal in the halogenation

reactor and may redeposit in the pipes between the halogenation cell and the deposition

chamber.

The two apparent problems described above, by occurring simultaneously, can in fact

provide a very high performance means of controlling the partial pressures involved, once

the drawbacks of spurious deposition have been overcome by miniimising transport

distances and by adequate heating of the transports ducts.

"Take, for example, the case of the in-situ chlorination of tungsten which occurs during

production of WSi2 for electronics applications 1141, cf. figure 10. Cilculations show that a

flow of chlorine with the addition of argon over tungsten between 600 and 12W0 K, under a

total pressure of 1.31 10 3 Atm, is accompanied by the formation of WCI2 (s), a solid in its

stability range (it is supposed to decompose around 862 K), and several gaseous chlorides

which, by order of importance, are WCI4 , WCI2 , WCI5 and WCI3 .

The first reaction to this is to try to avoid the presence of condensed chloride, either

by working at a higher temperature or by lowering the total pressure to below the saturating

partial pressure. On further thought, however, it may be noted that the formation of

WCI2(s) in contact with W(s) enables a step-by-step control of all the partial pressures of

gaseous tungsten halides present:

WCI 2(s) ti WCI2(g)

at constant temperature PWCI2(g) is fixed

2WC12(s) or (g) t WCl4 (g) + W(s)

PWCl4(g) is fixed by this equilibrium.

2WC[4(g) t; WCl2(g) + WCI6(g)

PWCl 6(g) is in turn fixed, and so on ...
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./ ct, Figure 10: Equilibrium mole numbers

1-.1 WL. Wof tungsten chlorides versus
. .•.... CL2  chlorination temperature for a C!2-Ar

10k / \gas mixture. Total pressure 1.31 10-1

atm, 1.31 10-4 atm C12 partial pressure
SWCk, and an excess of 10 moles of W. 1141

Soo 1000 1500telnperat ut" (KI

To summarise, in a such a reactor, the experimental worker in fact has total control of the

reaction, in spite of, or rather thanks to the complexity of the phases involved.

This type of action has been used in mnore complex systems such as the activation

cementation system where tr1 e formation of gaseous metallic halides at the surface of a

donor pre alloy (or cement) is based on the same principle 115 !.

First of all, to establish the parallel with tungsten, a simple aluminisation system may

be considered. It suffices to place a surplus amount of AIF 3(s), activating material, in the

presence of Al(s), donor alloy. As before, at a given temperature, the partial pressure of the

gaseous halides A:F 3, AIF, AIF 2 , A12F6 can be blocked. If several elements are to be co-

deposited, an alloy of suitable composition must be used in place of alumninium. This

composition must correspond to a two-phase domain for a binary donor alloy or to a three-

phase domain for a tertiary donor alloy.

Take for example the co-deposition of aluminium and hafnium on nickel alloy foil

I151. At constant temperature we have:

AIF 3(s) t-4 AIF3(g)

PAIF 3(g) is fixed

2AIF3(g) + <<Al>> -4 3A1F2(g)

If the aluminium activity in the donor alloy is blocked, a<<A]>> is constant and PAliz(g) is

fixed. The same cin be said for all the partial pressures of alurminium fluoride spezies. It
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then remains to determine thc hafnium activity which will enable the final optimum

concentration to be obtained, by transport. For a required aluminium activity in the alloy,

the computer software gives the pa-tial pressures of the gaseous species formed, and

HfF4 (g) in particular - the only quant. cable gaseous hafnium halide present - as a function

of an arbitrarily fixed hafnium activity, cf, figure 11. With this type of representation, the

value of the most beneficial activities can be fixed and the composition of the corresponding

donor alloy found.
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Figure I1: Evolution of the

10-3 ,At" equilibrium partial pressure in

A.. the gas phase as a function of

the hafnium activity in the
tA1 2 F6 4.. cement, for an Al activity equal

10-4 o0 2.1 l 10, total p.cssure 6.58

10-2 atm. 1151

T =1273 K

10-7 10-6 10-5 10-4 aHt

CIHOICE OF REACTION MECHIANISM

To decompose a gaseous hz'ide carrier in CVD processes, two types of reaction are

often used: reduction by the substrate material, or reduction by another species present in

the gas phase. For example, tungsten coatings for electronics are obtained by the reduction

of WF 6 (g) by the silicon in the substrate. This reaction stops when the turgsten layer has

reached a critical thickness of about 5(00 A. It is also possible to deposit this metal by using



a WF('(g)-I-I'(g) mixture, In this case, (here is, no thickness limit hut, III the minital stage.
there Is, no doubt competition between the two reducing agents, hydrogen and silicoti I f01

InI the light of this example, it would seemn to he of interest to determine for whichl
range of experimental parameters these two rnechani'mis co-exist, and whether there are
specific don~ains for each of them. In this respect. con siderat ions made on neighbouring

systems could possibly throw somre usefuil light on an apparently complex case. This is,
illustrated by the ease of amorphous boron deposition on tianium fromn 111 ~i~g,- 1-(g)
mixtures I 171.

Experimenttally, titanium and its alloys are considered in the literature as having little
or no potential as substrates for boron depositior I1181. A calculation perfoumed at I13WX K
for the normnal gaseous compositions of 13Clt(g)-l 12(g) mnixtures inI the presence of mianitwi'
shows a high substrate reactivity with the abundant formation of TiCI tg) arid TiCla gý and

a vecry low 112 activity with the formnation of fI-0.
Moreover, it is known that tungsten is the substrate most commonly used as support

in the CVI) process for boron fibre preparation. The same calculation as for titaniuni was
therefore performed for the case of tungsten. cf. figure 12. ib'is figure Indicates the
percentages of initial C13CL(g) that are either reduced by the lfi(g) in 110lig). or combinled InI
metal halide form after substrate attack, depending on the BCI-,gI dilution in the initial
mixture. Trwo domains are apparent: one with low dilutions Aith f3ClI,(gi ratio sNrlUC greaiJCr

than 10-1, where the two reactions are competing, anid the other with higher dilution values

% BC'3toe
95

2.8 10' HCI
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50-23JC
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Weta
In06 I- 10-1 10-3 to- -2 'oO1 1i,.0[ jH" nj

Figure 12: Percentage Of BC13 either reduced by hydrogen to I ICI or combined as mnetallic
halides or curreacted at 13MX K and I altir. I~7
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where only the hydrogen reduction mechanism is effective. Armed with this information,

the case of titanium was recalculated with a very high dilution value. The resu;ts show that,

for dilution ratios greater than 105, it is possible to return to the hydrogen reduction regime

only. This enabled the experimenteis to develop a deposition method in which the initial

stage consisted "roughly" in using hydrogen doped with BCI 3 1171.

CONCLUSIONS

Compared with the numerous studies devoted to global optimisation of CVD

processes, studies which are currently giving extremely interesting results, the purpose of

this study is on a far more modest scale. By focussing on the initial thermodynamic

analysis, and more particularly on the role of halides in processes in which they are

involved, the authors wanted to demonstrate that, by a careful choice, it i! possible to select.

the ad hoc molecule, the ranges of experimental parameters promoting its optimum effect

and, in certain cases, the type of mechanism whereby it takes panl in the deposition reaction

If performed systematically when developing processes involving halides, this type of

analysis could avoid a number of errors, help in making the choices required to define the

process and occasionally facilitate the understanding of some of the phenomena involved.
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CHEMICAL VAPOR DEPOSITION MODELING
FOR HIGH TEMPERATURE MATERIALS

BULEYAMN A. GOKOGLU
NASA Lewis Research Center, Cleveland, OH 44135

ABSTRACT

The formalism for the accurate iaodeling of chemical vapor
deposition (CVD) processes has matured based on the well estab-
lished principles of transport phenomena and chemical kinetics in
the gas phase and on surfaces. The utility and limitations of
such models are discussed in practical applications for high tem-
perature structural materials. Attention is drawn to the com-
plexities and uncertainties in chemical kinetics. Traditional
approaches based on only equilibrium thermochemistry and/or
transport phenomena are defended as useful tools, within their
validity, for engineering purposes. The role of modeling is
discussed within the context of establishing the link between CVD
process parameters and material microstructures/ properties. It
is argued that CVD modeling is an essential part of designing CVD
equipment and controlling/optimizing CVD processes for the pro-
duction and/or coating of high performance structural materials.

INTROJUCTION

Among the available methods for fabricating materials from
the gas phase, chemical vapor deposition (CVD) provides many
diverse opportunities for commercial application because it is
more economical to develop and easier to scale up. Indeed, its
versatility allows CVD to be routinely employed in various areas
of materials science and technology. However, as the interest
and demand in more sophisticated advanced materials grows to meet
today's more stringent performance requirements, it is becoming
clearer that the CVD technique should be better exploited.

Structural materials have not generally received the same
degree of attention in terms of the precision of the CVD process
during their fabricdcion as the electronic and optical materials.
However, this is no longer the case.

A sufficient understanding of the interactive physico-
chemical phenomena involved in CVD is required to efficiently
produce novel materials with superior properties. Therefore,
modeling of such complex systems is now recognized to be an
essential and integral part of CVD research.

The controlled implementation of the CVD process is an
interdiciplinarl effort involving many different fields of
science and engineering. A comprehensive analysis should
naturally include gas phase and surface chemical reaction
kinetics, heat and multicomponent mass transport, fluid physics,
and thermodynamics [1). The simultaneous description of the
coupled phenomena in multidimensions with multireaction schemes
obviously requires highly efficient computational software and
hardware [2]. The analysis should be fully supported by the
measurement, testing and characterization techniques that are

Mat. Res. Soc. Symp. Proc. Vol. 250, 1992 Materials Research Society
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available to specialists in heat transfer, fluids, chemistry and Jrater'a~r zcienrp.
The modeling of the interactions of such multiparameter

systems is indeed a challenge. One has only the directly con- 4

trollable parameters of the system to manipulate the properties
of the coated or fabricated material. These available CVD input
variables can be the substrate temperature, reactor pressure,
reactant gas composition, or the total flow rate. However, the
factors that affect the material property more directly are the
growth rate, chemical composition, doping or impurity levels, and
microstructure of the deposit material, all of which are also
interrelated. All of these latter factors are, in turn,
influenced by the convective, thermal and chemical species'
concentration fields that prevail inside CVD reactors based on
the directly controlled operating parameters. The role of CVD
modeling in assisting the process optimization and control is to
shed some light onto the transport and chemical processes
evolving inside CVD reactors and governing the key factors that
determine the resulting material properties. The modest
capabilities of CVD modeling today is mostly restricted to
accurate growth rate and some deposit chemical composition
predictions for only limited materials, and is far from being
able to correctly predict doping/impurity levels in the deposit
or provide an indication of evolving microstructures. Yet,
before undertaking the challenge of improving the material
microstructure/property at the chemical and/or materials science
level, there are still many useful ways of utilizing modeling in
terms of obtaining more rational flow and thermal fields inside
CVD reactors. In that respect, by assisting CVD equipment
manufacturers for better designs, modeling has taken the
established CVD technology back almost a decade!

So far most sophisticated CVD models have been developed for
electronic material applications. A review of the current status
of CVD modeling is given in Refs. 1 and 3. With increasing
interest on advanced structural materials and emphasis for high
temperature applications, modeling efforts addressing these
issues specifically have recently started to appear in the
literature. Besides the papers related to modeling chemical
vapor infiltration (CVI) processes, which this paper will not
discuss, examples of such efforts are the recent publications
related to the CVD synthesis or coating of continuous fibers,
which are used for the reinforcement of (inter)metallic and
ceramic matrices [4-6].

Because of the emphasis on high temperature applications of
structural materials, exposure of the materials to high tempera-
tures during the CVD process is not necessarily disadvantageous.
In fact, it may even be desirable to ascertain that the material/
coating will survive temperatures as high as at least the intend-
ed service temperature. Therefore, some of the advantages of low
temperature, such as plasma-enhanced, CVD for electronic material
applications do not apply to materials which are expected to be
used, for example, in the hot sections of the turbine engine for
aeropropulsion applications. Therefore, this paper is limited to
modeling only subatmospheric and atmospheric thermal CVD process-
es and excludes others such as very low pressure, plasma-enhanced
or photo-assisted CVD.



APPROACHES TO CVD MODELING

The sophistication levels of the approaches taken to model
CVD processes vary depending on the objectives of the effort, the
level of complexity, and the availability of thermodynamic,
transport and/or chemical kinetic data. Generally, CVD modeling
efforts can be categorized as either approaches based on thermo-
chemical equilibrium calculations or dynamic approaches where
rate issues are addressed based on the transport and chemical
kinetic phenomena.

Thermochemical Equilibrium

inspired by the conventional phase diagrams, thermochemical
equilibrium calculations are used to obtain "CVD phase diagrams".
Computer programs, such as those based on free-energy minimiza-
tion (e.g., SOLGASMIX and NASA CEC [7,8)), are utilized frequent-
ly to predict possible windows of operation to deposit the
desired materials for given parameter ranges of temperature,
pressure and elemental composition.

The limitations and reliability of such an equilibrium-based
approach are, naturally, due to finite rate phenomena such as gas
phase transport and/or chemical kinetics. Besides their inabili-
ty to predict the rates of deposition, such approaches also fail
to account for the shifts of the deposit material from the equi-
librium phases and compositions. A trivial example of the de-
ficiency of the method can be given as follows: although one can
predict the depositioi. of silicon from silane even at room tempe-
rature, it does not occur in real life because of kinetic bar-
riers. Conversely, successful deposition of silicon nitride can
be accomplished from silicon tetraflouride and ammonia preciisors
as demonstrated at the United Technologies Researcn Center: here
conditions that are substantially outside the predicted region
for stable silicon nitride formation have been used [9]. Nume-
rous other examples of such departures from equilibrium behavior
are observed and reported in the literature.

However, thermochemical equilibrium calculations can still
be useful tools for initial feasibility studies, providing gui-
dance for the formation of possible gaseous species and condensed
phases of different chemical composition. In fact, their capabi-
lity to explain the observed deposit chemical composition varia-
tion along the deposition surface has been demonstrated, ifjudi-
ciously applied by considering the local variations of tempera-
ture, pressure and gas composition [10]. Such treatments are
expected to be even more accurate at higher temperature thermal
CVD applications, i.e. for high temperature structural materials,
where chemical equilibria are approached. Furthermore, it may be
the only available rational approach for complex multicomponent
chemical systems, as is the case for the deposition of super-
conducting materials (11,12] or the codeposition of different
compounds (13]. The severe lack of chemical kinetic information
for many systems of interest and the uncertainties associated
with the available kinetic data render the equilibrium approach
still very useful.
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Gas Phase Transport Phenomena

With the increasing availability of elaborate transport
models based on the well established principles of fluid dyna-
mics, heat, and mass transfer, accurate predictions of flow,
thermal and concentration fields in complex shaped CVD reactors
are quite possible today [14]. In fact, the capability to pre-
dict flow and thermal fields in reactors with steep temperature
gradients (-1000K/cm) has probably been the largest contribution
of CVD modeling in helping the equipment manufacturers design
better reactors. Providing answers to such questions as the
proper location of gas inlet and exit ports, the proper position-
ing of the substrate, the proper operating conditions and geomet-
rical considerations to avoid bouyancy-driven free convection
flows, and the proper heating and cooling of the reactor system
to obtain more uniform thermal fields around the substrate are
only a few examples where modeling has had a considerable impact
to improve performances of different CVD reactors.

Figure 1 is a demonstration of how a computational fluid
dynamics code may be used to predict the complex flow structures
that can develop in a laboratory-scale cold-wall reactor with an
inductively heated rectangular substrate. It is shown (by the
presence (top case) and absence (bottom case) of the terrestrial
gravitational field) that gravitationally-induced free convection
flows are responsible for both the recirculation cell created in
front of the substrate and the three-dimensional helical flow
around the substrate. It is interesting to note that the incom-
ing flow is directed towards the bottom of the hot substrate by
the presence of the recirculation cell and will, therefore,
supply uneven amounts of source gases to top and bottom surfaces,
which will lead to asymmetric deposit thickness profiles.

Despite the maturity of the computational transport codes,
one has to still be very cautious of the assumptions involved for
their application to each specific case. The validity of using
the Boussinesque approximation (versus using the explicit tempe-
rature dependence of gas density in the gravitational body force
term of the momentum conservation equation), the treatment of the
dependence of the fluid transport and thermodynamic properties on
temperature and composition, the inclusion of the effects of
Soret diffusion, and the proper accounting for radiative heat
transfer are typical questions to be addresssed for evaluating
the suitability of available models. Also, for nondilute source
gas mixtures, one has to consider the heats of reaction for both
gas phase and surface reactions, as well as the nonzero gas
velocity normal to the deposition surface, the so-called Stefan
flow. Such additional complications naturally make the models
more cumbersome and increase the coupling among the momentum,
energy and species mass conservation equations. As a conse-
quence, one pays a severe penalty in computational complexity and
time. It is, therefore, imperative to select the level of
sophistication of the model judiciously.

Sophisticated models can give quite inaccurate solutions
because of the improper implementation of boundary conditions.
Therefore, it is critical to realize, for example, that the use
of constant temperature or adiabatic wall boundary conditions
does not correctly describe the role of radiation or the coupled
interaction of the environment with the CVD system [15). Asym-
metric and other unexpected flow and temperature fields are
observed and can be predicted by using more realistic boundary
conditions [16]. For a correct description of the temperature
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distribution on the solid surfaces inside a CVD reactor, conju-
gate heat transfer analyses (where the coupled gas and solid
phase temperature profiles are simultaneously solved) are be-
coming increasingly necessary.

In the case of CVD processing of fibers, continuous ope-
ration is a practical consideration to produce economically
feasible quantities of continuous lengths. Therefore, models
should be capable of treating the time-dependent growth process
coupled with the associated dimensional changes of the fiber.

In cases where the prevailing molecular mean free path be-
comes comparable to the characteristic dimensions of interest
(e.g. fiber diameter), the applicability of the transport equa-
tions based on the continuum approximations starts becoming
questionable. This is analogous to the Knudsen diffusion situa-
tion for CVI processes where the pore size becomes comparable to
or smaller than the molecular mean free path. Considering the
increasing interest in CVD processing of smaller diameter fibers
(<-25Am), especially for ceramic matrix composites, it is doubt-
ful if conventional models can accurately describe the transport
processes in high temperature and low pressure CVD systems in-
volving such small diameter fibers. For such cases, molecular
trajectory calculation techniques can be utilized by employing,
for example, the Monte Carlo direct simulation method.

Gas Phase and Surface Chemical Kinetics

The availability and reliability of gas phase and surface
kinetic information are currently the most limiting factors in
CVD modeling. The mechanisms, pathways and kinetics of many of
the reaction systems of interest to the CVD community are scarce-
ly known. Yet, models should be able to account for reactive
species inventories and depletion rates in the gas phase. Sur-
face phenomena such as adsorption, diffusion, nucleation, incor-
poration, or desorption must appear as boundary conditions in
such simulations. Because of the difficulties associated with
obtaining experimental kinetic data for the extensive sets of
possible reactions under relevant conditions, theoretical tech-
niques utilizing quantum chemistry and electronic structures are
being increasingly employed for the required thermochemistry.
Table I lists the number of gas phase and surface reactions that
have been used in recent CVD models for some of the material
systems of interest. Excess hydrogen is the carrier gas for all
cases.

Table 1. Number of Reactions Used in Recent CVD Models

Material Source Gases/H2 Gas Phase Surface Ref./Year
Si SiH4  27 13 17/1989

GaAs TMG+AsH3  232 115 18/1989
SiC SiH,+CH8  166 36 19/1991

Diamond CH4+0 2  158 52 20/1991
W WF6  8 65 21/1991

As can be seen from Table I, the number of simultaneous gas
phase and surface reactions, and therefore, the species, neces-
sary to properly model even single element deposit materials can
be as high as tens to hundreds. The kinetic rate expressions of
these reactions are obtained from theoretical calculations.
Usually, the numerical difficulties associated with significant
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differences among the characteristic times of reactions and
transport processes (the so-called "stiff" systems) have been
known to create additional challenges. Such expected difficul-
ties in CVD can not always be circumvented by the schemes and
algorithms usually developed for the computational fluid dynamics
of high-speed, chemically reacting flows. Furthermore, unlike
the simpler geometries used by the references listed in Table I,
most realistic industrial applications will involve three-dimen-
sional systems demanding prohibitive computer power, which even
today's "personal" Cray's can not meet with so many species and
reactions! Therefore, the demand for "smarter" methodologies,
not only relying on numerical techniques but also exploiting the
available physico-chemical information, will indeed be growing.
To that effect, an approach, for example, utilizing a statistical
design of computational experiments can be used in order to
reduce the excessively large sets of reactions down to a more
feasible and managable size which can mimic the actual behavior
of the chemical system [22].

Another issue of concern for CVD modeling is the degree of
uncertainty regarding the chemical kinetic parameters of reaction
systems. Besides the questions related to the low pressure
limits of the rate constants, one also has to be careful about
the temperature ranges of applicability of the reported rate
constants for high temperature CVD systems because many of these
values are obtained for lower temperature electronic material
applications. Even for the most studied case of silicon deposi-
tion from silane, there seems to be no consensus on the reaction
kinetics of either gas phase or surface kinetics. Table II lists
the different rate constants reported only in the most recent
literature for the gas phase dissociation of silane into silylene
and hydrogen in a hydrogen bath gas.

Table II. Reported rate constants, k, for silane
dissociation, SiH4 -> SiH2 + H,.
k = AToexp(-E/RT)

A(sec') 0 E(kcal/mole) Ref./Year
1.09 E25 -3.37 61.2 17/1989
3.3 E15 -0.5 55.9 23/1990
6.671E29 -4.795 63.45 19/1991
6.17 El5 0 59.99 24/1991
5.2 E13 0 52.54 25/1991

Similar to gas phase chemistry, the controversies and
inconsistencies related to surface kinetics for silicon deposi-
tion from silane have been recently discussed by Ref. 26, i.e.
the experimentally observed reaction efficiencies vary by more
than two orders of magnitude for nominally identical conditions
and the deposition rates obtained at low temperatures and very
low pressures are comparable to those obtained at high tempera-
tures and atmospheric pressure. The disagreements have continued
in 1990 and 1991 as evidenced by the different expressions pub-
lished by Refs. 25 and 27 for the reactive sticking coefficients
of SiH4 and Si 2H. on silicon surfaces.

Under the circumstances, expecting CVD models to be able to

accurately predict the minute levels of dopant or impurity con-
centrations evolving in the deposit material during their in-situ
deposition is currently unrealistic. Yet, it should be mentioned
that the limitation is not due to the lack of a plausable formal-
ism to incorporate such treatments into CVD models but is due to
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the unavailability and/or uncertainty of chemical kinetic
information.

It seems that CVD modeling can be most helpful in areas
where chemical kinetic limitations due to gas phase and/or sur-
face reactions are minimal, i.e. in the gas phase mass transport
controlled regime. After all, it would certainly be desirable
to operate under such conditions where the deposition rates and
source gas utilization would be maximized. The limitations of
chemical kinetic barriers can be circumvented by increasing CVD
temperatures. In principle, this should be less of a concern for
high temperature materials (cf. electronic materials) up to
their intended service temperatures or the limit of endurance for
the substrate material. Provided the kinetic barriers are over-
come, one can then use thermochemical equilibrium calculations at
surface conditions to define the chemical composition of the de-
posit and the boundary conditions for the species mass transport
equations (28].

However, at higher temperatures one has to consider another
potential problem of gas phase powder formation. The prevailing
supersaturation levels can be sufficiently high for the reactive
precursors created at high temperatures to lead to gas phase nuc-
leation and particle formation. Therefore, one needs to define
the safe operation boundaries to preclude the usually very sudden
onset of gas phase nucleation [29).

AN EXAMPLE CASE: FIBER CVD

CVD modeling of thin fibrous substrates encompasses specific
problems that are not encountered for other typical substrates
with flat surfaces [4-6]. The chemical and structural complexity
of the Textron SCS-6 SiC fiber grown by a continuous CVD process,
as is schematically depicted in Figure 2, is a good example of
how changes in CVD conditions may lead to cross-sectional varia-
tions in chemical compositions and microstructures [30]. In an
endeavor to study the relationships between process variables and
deposit compositions, microstructures and properties, we modeled
a miniature Textron CVD reactor built in our laboratory. It is
an upflow batch reactor made of a quartz tube of 1.8cm I.D. and
adjustable length. The monofilament is resistively heated. Si-
licon deposition from silane is chosen because of its better
studied gas phase and surface chemistry and relevance to other
silicon-based CVD materials of high temperature interest. The
results are presented for the first 20cm from the inlet. A more
detailed discussion is given Ref. 6.

The axisymmetric geometry of the reactor with a thin hot
fiber at the center creates very steep temperature gradients
(-10000K/cm versus 1000K/cm in conventional geometries) near the
fiber surface. This results in such atypical Soret diffusion
effects that Soret becomes one of the primary gas transport
mechanisms, i.e. predicted growth rates change by a few hundred
percent with and without its inclusion in the model (Figure 3).
Hence, accurate information for such transport coefficients is
essential for the reliability of fiber CVD models. Furthermore,
the sensitivity of predicted rates on fiber temperature indicates
that the accurate measurement and control of fiber temperature
is of utmost importance to controlling rates.

The higher temperature region within -250gm from the fiber
surface is also the chemically active region where most of the
SiH, production, which governs the deposition rate of silicon,
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Flow

Figure 1 - A schematic of flow patterns in a cold-wall CVD
reactor with an inductively heated rectangular substrate. The 3-
dimensional complex flows in the presence of gravity is due to
bouyancy-driven free convection effects.
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occurs. Therefore, the above discussed uncertainties of the
chemical kinetic parameters, which may not give significant
differences in predicted Si deposition rates for conventional
flat plate-like geometries, result in unacceptably magnified rate
predictions depending on whose data is used from Table II (6].

The significance of the steep temperature gradients near the
fiber surface and, consequently, the amplified importance of
Soret diffusion and chemical kinetics increase even more as the
fiber diameter gets smaller. Therefore, the correct prediction
of temperature fields inside the cold wall fiber reactor becomes
of paramount importance. In predicting the wall temperatures for
typical operating conditions of our fiber CVD reactor, it is
determined that radiation has a strong contribution especially
for low thermal conductivity gases (Figure 4). However, if
radiation is fully accounted for, accurate predictions of wall
temperatures are indeed possible (313.

Radial growth rates on the fiber will vary with respect to
the fiber diameter. However, besides this expected change, which
should scale with the available deposition surface area, there
are other less obvious interactions of growth rate with fiber
diameter as a consequence of the above mentioned temperature
profile, Soret and chemistry effects (Figure 5).

The specific issues pertaining to cold wall fiber CVD for
high temperature applications creates more challenges for CVD
modeling, for both batch and continuous modes of reactor opera-
tion. Furthermore, with increasing interest in smaller diameter
fibers, most of these issues, such as the atypical importance of
Soret diffusion, the unusually stringent accuracy requirement for
the chemical kinetic parameters, or the complex interaction of
deposition rates with fiber diameter, get even more difficult to
tackle.

FUTURE RECOMMENDATIONS AND CLOSING REMARKS

Despite the present limitations of CVD modeling in providing
immediate solutions to the complex problems associated with vari-
ous reactors, different chemical systems and applications, the
utility of CVD modeling can not be disputed in assisting the re-
solution of many existing issues. It can provide invaluable in-
sights into the complex physicochemical phenomena taking place
inside CVD reactors, provided that one is consciencious about its
current capabilities and cognizant of its anticipated future
challenges. It is certainly helpful for confirming and enhancing
our understanding of the process, CVD models can be routinely
used for designing more efficient reactor geometries and optimiz-
ing gas inlet, outlet and substrate configurations. They can go
beyond predicting qualitative trends and are increasingly being
used to obtain accurate quantitative predictions of deposition
rates and deposit chemical compositions.

The usefulness and beauty of presenting information in a
"universal" format, for example by using dimensionless variables,
have long been recognized by scientists and engineers. The use
of CVD phase diagrams is partly such an approach which condenses
the various operating conditions of different systems into a
general form by utilizing the fundamentals of equilibrium thermo-
dynamics. The limitations of such an approach due to transport
and chemical kinetic phenomena are discussed above. Attempts
have been made in the literature to incorporate the effects of
transport-induced shifts into CVD phase diagrams (32]. However,
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their inability to give information about rates and be applicable
to different reactor geometries still limit their utility for
practical applications. The growing volume of CVD literature is
certainly increasing the burden of gleaning useful information
from publications to apply to a different situation. Currently,
technical papers relatea to CVD are being published at a rate of
about two articles a day. The need to find more general ways of
reporting information in the CVD literature is greater than ever
today. Such an approach is also essential for scaling un labora-
tory research to industrial size production. In an attempt to
unify the efforts to establish the link between process parame-
ters and material microsttuictures, it is suggested that a generic
plot, as is shown in Figure 6, be explored, at least for the same
material systems using the same chemical precursors as source
gases. It is inspired by ti-e structural zone model proposed by
Thornton (33] for physical japor deposition systems. The sug-
gested coordinates could be for example, the local growth rates
normal to the deposition sirface and the surface temperature,
which could be nondimensionhlized with respect to the activation
energy of the relevant surface phenomenon. A similar graph is
given in Ref. 9. Even if the data of different investigators
fail to collapse into a common form when cast into such a format,
it is anticipated that the differences will be reduced and the
analysis will be simplified. Once, and if, such a "universal"
diagram is constructed for a chemical system by complimentary
experimentation, then the loop would be closed by reducing th,
goal of CVD modeling to accurate rate and deposit composition
predictions which is more feasible.

The accuracy and reliability of CVD models will undoubtedly
depcrd on their verification by carefully controlled experiments
and the quality of the transport, thermodynamic and chemical
kinetic data supplied to them. Thus, developing high fidelity
models and improving the confidence levels for their use are di-
rectly coupled with experimentation foi testing the models and
refining such input information. This can be more efficiently
accomplished via more focused and synergistic theoretical and
experimental efforts. Modeling geared to address specific as-
pects of a complex phenomenon, where the analyses are justifiably
reduced to a more manageable size with a negligible sacrifice in
information, will indeed be more effective. Similarly, smaller
scale experimental efforts in better defined environments, set up
to provide answers to individual thermochemical questiuns, can be
more meaningful. Future CVD research should, therefore, include
both experiments and modeling as integral parts of a coordinated
program.
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THEORETICAL STUDY OF GAS-PHASE THERMODYNAMICS
RELEVANT TO SILICON CARBIDE CHEMICAL VAPOR DEPOSITION*

MARK D. ALLENDORF AND CARL F. MELIUS
Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551-0969

ABSTRACT

Equilibrium calculations are reported for conditions typical of silicon carbide (SiC)
deposition from mixtures of silane and hydrocarbons. Included are 34 molecules
containing both silicon and carbon, allowing an assessment to be made of the importance
of organosilicon species (and organosilicc.i radicals in particular) to the deposition
process. The results are used to suggest strategies for improved operation of SiC CVD
processes.

I. INTRODUCTION

The excellent resistance of silicon carbide (SiC) to corrosive, oxidizing or high-
temperature environments, in addition to its outstanding hardness and semiconductor
properties, make it of considerable industrial interest. Comprehensive models including
detailed chemical reactions that occur in the gas-phase and on the surface, coupled with
reactor fluid mechanics are required to optimize new deposition processes. Recen- ork
provides several indications that gas-phase chemistry is an important element i% the
chemical vapor deposition (CVD) of SiC. First, a comparison of measured deposit
compositions with thermodynamic predictions for mixtures containing silicon, carbon, ant'
hydrogen showed that deposits typically contain excess silicon in regions where pure SiC
is predicted at equilibrium[l]. This is attributed to the suspected higher surface reactivity
of gas-phase silicon-containing species relative to that of stable hydrocarbons (such as
CH4 and C2 H 4 ). Several experimental and theoretical studies have confirmed this
difference in reactivity [2,3]. Second, the reactivity of gas-phase hydrocarbons
themselves with silicon substrates varies widely, depending on the degree of
unsaturation in the molecule. Saturated species, such as C3H 8 , which is commonly used
to deposit epitaxial SiC, have reactive sticking coefficients on Si( 11) (whose crystal
structure is the same as that of ]0-SiC) on the order of 10-5 to 10-4 131, while unsaturated
molecules such as C2H2 rcact with a higher probability [4] on the order of 0.001 - 0.01.
Radical species are even more reactive, with sticking coefficients near unity [2,51. This
low reactivity of the initial precursors relative to their decomposition products implies that
some decomposition by gas-phase pyrolysis may be required to achieve efficient
deposition with these reactants. Indeed, at the high gas-phase temperatures typical of
SiC-CVD (> 1500 K), hydrocarbons such as C3 H 8 are known to decompose, yielding
large amounts of CH4, C2H4, and C2H 2 (6]. This conversion could be the rate-limiting
step in SiC deposition under some conditions. Clearly, with such large variations (a factor
of 104) in surface reactivity, the exact composition of the gas phase can make a large
difference in the deposition rate. Finally, surface temperatures lower than 1500-1600 K
are desirable in order to deposit SiC on thermally sensitive substrates such as metals
171. To develop predictive models of such processes, a much better understanding of the
role of gas-phase chemical reactions is required, since lower deposition temperatures
tend to produce gas-phase compositions that are far from equilibrium.

Equilibrium calculations are useful for determining which species are likely to be
stable in the event that sufficient thermal energy is available for their initial formation.
They can also show how reactor conditions can be altered to favor formation of plrticular
species. Earlier studies of gas-phase equilibria under SiC CVD conditions used limited

* This work was supported by the U. S. Department of Energy Advanced Industrial

Concepts Materials Program.
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numbers of gas-phase species and included few, if any, molecules containing both silicon
and carbon [l,8-101. In this work, we report gas-phase equilibrium calculations
performed for typical epitaxial SiC CVD conditions. Calculations were also extended to
low-pressure, inert-gas environments now under study for low-temperature SiC CVD.
The calculations make use of new thermodynamic data recently determined by us for 34
compounds in the Si-C-H system 1lll. This expanded species set thus allows the
importance of organosilicon species in SiC deposition to be evaluated.

I1. THEORETICAL METHODS

Equilibrium calculations were performed using the STANJAN code developed by
Reynolds et al [121. Recently reported heats of formation for Si2Hn molecules of lo and
Melius were used [131, which are somewhat different from those published in an earlier
paper [141, Data for hydrocarbon species were obtained from ab initio calculations and
are in excellent agreement with accepted experimental values 114,15J. Data for SiC,
SiC2, and Si2C were obtained from the JANAF Tables [161. Thermodynamic data for the
remaining organosilicon species were also determined by ab initio calculations [11).

III. RESULTS

Figure I shows the results of equilibrium calculations of the gas-phase species
mole fractions expected for typical epitaxial growth conditions and allowing SiC, Si, or
graphite to form as a solid phase. The results indicate that most of the initial gas-phase
reactants are convened to the thermodynamically stable SiC (> 90% conversion to SiC)
with only a few stable species such as CH4 and SiH-1 present in significant quantities in
the gas-phase. Previous equilibrium calculations have reached similar conclusions 1101.
As discussed above, it is very unlikely that this uninteresting result is representative of
actual gas-phase conditions

A more realistic simulation of the gas-phase can be obtained if one assumes that
surface reactions are rate-limiting, allowing the gas-phase to come to partial equilibrium
by not allowing solid phases to form. The effect of this change is shown in Figure 2. again
for typical epitaxial growth conditions. Now the gas-phase contains many more species,
with both saturated and unsaturated radical species present in significant quantities. The
hydrocarbon in highest concentration at all temperatures is CM,. with C2 H4 and C2 H2
becoming more important at temperatures above 1400 K. The two most important silicon
species are SiH 2 and Si 3 , which at temperatures of approximately 1150 and 130)0 K,
respectively, appear in concentrations high enough to affect the deposition.

In addition to species containing only Si or C az the heavy atom, two other
molecules containing both Si and C appear in significant quantities above 1300 K. The
Si 2 C molecule was shown previously to form under these conditions 1101. However,
SiCH 2 , which is one of the molecules added from the BAC-MP4 calculations, also
appears, though in smaller quantities. The mintmum amount of such radicals that must be
present in the gas-phase to have an effect on the deposition process can be estimated by
assuming that they will have surface reactivities approaching 1.0, while an abundant
hydrocarbon such as CH4 has a reactive sticking coefficient of only 5 - 10-5 [31. Thus,
mole fractions of Si 2C and SiCH2 of only about 2 x 10-8 would be required for these
radicals to deposit the same amount of carbon as CH4, The concentrations of both these
molecules is well above this level for temperatures greater than 130B K, implying that an
important role in the deposition process would be played by these species if conditions
leading to gas-phase pseudo-equiliLrium were obtained.

As the concentration of hydrogen decreases, Si 2 C and SiCH2 remain the
organosilicon radicals with the highest mole fraction, but the temperature at which these
radicals reach high enough concentrations to affect deposition rates decreases. For
example, for H2/Si = 1000, Si 2 C/CH4 reaches 0.01 at 1400 K and continues to increase
with temperature. With the same conditions as in Figure 2 but with a H2 :Si ratio of 10
(data not shown), the ratio Si 2 C/CH 4 reaches 0.01 at approximately 1200 K (again
continuing to increase with temperature.) This indicates that the reactive species such as
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Si 2 C are more likely to contribute significantly to carbon deposition when hydrogen carrier
gas concentrations are low. Thus, these calculations suggest that SiC deposition ratews
may increase at low temperatures if the concentration of hydrogen carrier gas is
decreased.

If hydrogen carrier gas is eliminated, so that the only hydrogen in the system comes
from the reactants Sill4 and CH4 , then the number of organosilicon species increases
dramatically. This is shown in Figure 3, where the mole fractions of both stable (Figure
3A) and radical (Figure 3B) species are shown as a function of temperature. In this case,
the concentration of organosilicon radicals is comparable to that of stable species such as
CH 4 , methylsilanes, C2 H4 , and C2 H 2 . In addition to Si 2 C and SiCH 2 , several other
radicals are present, including HSiCCH, H2 SiCCH, SiCCH, and SiC 2 . These species
could be formed by reaction between Sill2 (the initial product of Sill4 decomposition) and
C2 H4 or C2H2 to form H2 C=CHSiH 3 and H 3 SiC=-CH, respectively. The radical species
would form by loss of hydrogen, Since both H2 C=CHSiH 3 and H3 SiC=--CH are present ijt
appreciable concentrations at equilibrium (Fig. 3A) and the reactions producing them are
near the diffusion-controlled limit 1171, these two molecules are favored both kinetically
and thermodynamically. It is thus likely that some or all of the radicals resulting from
H 2 C=CHSiH 3 and H3 SiC-CH decomposition are present in the gas-phase in
concentrations high enough to affect the deposition in the absence of H2 carrier gas.

The substitution of an inert carrier gas such as argon or helium for hydrogen
produces markedly different gas-phase concentration profiles. Figure 4 presents results
of equilibrium calculations for conditions again typical of epitaxial SiC CVD, but with
hydrogen carrier gas replaced by argon (760 torr, Si/C-I.0.) Now, C2 H2 is the stable
hydrocarbon at most temperatures, with the concentration of CH4 exceeding that of C2 H2
only at the lowest temperatures. More interestingly, Si 2 C is the molecule in the highest
concentration. Other organosilicon species that were shown to be stable under low
hydrogen conditions are also present, such as SiCH 2 , SiC 2 , and HSiCCH. The very high
concentration of Si 2 C is unlikely to be realized in practice at the low end of the
temperature range, since this species is probably very reactive. However, this result
does point out the strong ability of hydrogen to suppress the amounts of radical species at
low temperatures (below 1300 K) by convening them to more stable forms such as CH4 .
Figure 4 also shows that organosilicon species are more stable in general under these
conditions than radicals containing only silicon, such as Si 3 and Si. This is another
indication that organosilicon radicals may serve to transport carbon from the gas-phase to
the growing deposit.

Another interesting result of these calculations is that high concentrations of
hydrogen suppress the formation of radicals of all kinds, except at the highest
temperatures (compare Figure 4 with Figure 2.) The presence of high concentrations of
silicon-containing radicals has been suggested as the reason for the occurrence of
homogeneous nucleation ("reactor snow") when SiH4 is used to deposit epitaxial silicon
[181. Thus, a beneficial effect of hydrogen carrier gas on SiC CVD may be reduction in the
probability for homogeneous nucleation, which would improve the quality and
reproducibility of deposits.

The potential for SiC deposition at much lower temperatures (< 1273 K) has been
recently explored by Komiyama and co-workers [71. In their experiments, mixtures of
disilane (Si 2H6 ) and C2H 4 or C2 H2 at low pressures (5 1 tort) and temperatures (< 1273
K) were used to deposit SiC in a hot-wall reactor. No carrier gas was used. Their
results [7] showed that SiC can be deposited, but that at temperatures below 1273 K, the
deposits were silicon-rich. Increasing the concentration of C2H 4 by a factor of 10 had
little effect on the carbon content of the deposits, indicating either that carbon deposition
was limited by a slow reaction occurring on the surface, or that an efficient gas-phase
reaction to form an organosilicon species was responsible for most of the carbon
deposition. They proposed that two likely reactions would be Sill2 + C2 H4 -)
H 2C=CHSiH 3 and SiH 2 + C2 H2 -) HC-CCSiH 3 and analyzed the temperature dependence
of carbon deposition using a simple gas-phase mechanism. Although the results they
obtained were consistent with their observations, this now appears to have been
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fortuitous since the rates used for Sill2 insertion into C2 H4 and C2 H 2 have since been
considerably revised. They also did not account for fall-off in the decomposition rate of
Si2H6. Nevertheless, their results point to the possibility that organosilicon species could
be important to SiC deposition at low pressures and temperatures.

Equilibrium calculations are of limited value at the lowest temperatures (873 K)
used in the experiments of Komiyama et al., since the gas-phase chemical reactions will
be slow due to high activation barriers for Si2H6 and C2 H4 decomposition. However, at
the higher temperatures used by them, sufficient thermal energy is available for Si 2 H6
decomposition. Given the thermal energy required to surmount this barrier, other
reactions that are either exothermic or have lower activation barriers can proceed toward
equilibrium. In particular, SiH 2 insertion into C2 H4 and C2 H2 is quite exothermic (-56.6
and -66.0 kcal mtolt, respectively) and the barriers to reaction are small. Sufficient
energy should thus be present in the system for these molecules to continue to
decompose (most likely by H2 elimination) to form other stable gas-phase species. We
have therefore extended our equilibrium calculations to the experimental conditions used
by Komiyama et al 17) in order to identify those organosilicon species that are thc. most
stable under their conditions.

Figure 5 shows equilibrium mole fractions assuming a ten-fold excess of carbon,
0.76 torr. and no H2 carrier gas, as used in one set of experiments by Tanaka and
Komiyama 171. In this case, C2 H 2 is the most stable hydrocarbon at all but the lowest
temperatures. In addition, the radical Si 2 C appears in high concentrations. This molecule
would not be a product of the SiH 2 insertion into C2 H4 and C2 H2 discussed above. Two
species that would form from such reactions, HC=CSiH 3 and HC-CSiH, are present,
however. Possible decomposition products of these molecules are also present (SiC 2 and
SiCCH). This indicates that SiH 2 insertion into unsaturated hydrocarbons is a probable
route to organosilicon radicals that could deposit carbon during the SiC CVD process. as
suggested previously.
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Figure 4: Mole fractions of gas-phase Figure 5: Mole fractions of gas-phase
species as a function of temperature, but species as a function of temperature, but
with no solid phases allowed to form. with no solid phases allowed to form.
Initial conditions: pressure = 760 torr; Initial conditions: pressure = 0.76 tort;
moles SiH 4 = 0.49; moles CH 4 = 0.51; moles Si2H6 = 1.0; moles C2 H4 = 11.0.
Ar:Si = 1000.
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The equilibrium calculations also provide an explanation why stoichiometric SiC can
be deposited at such low (1073 K) temperatures. Figure 5 shows that radicals containing
only Si (with or without hydrogen) are present in very low concentrations (only Si atoms
are present in mole fractions above 10-3.) The excess carbon in the system is responsible
for the increased thermodynamic stability of the organosilicon species. Thus, the number
of gas-phase species that can deposit excess silicon is reduced.

IV. SUMMARY

Equilibrium calculations are reported for conditions currently used to deposit silicon
carbide (SiC) from mixtures of silane and hydrocarbons using an expanded species set
that includes organosilicon species. The results suggest that, under conditions typically
used to deposit epitaxial SiC (760 torr, high H2 concentrations, and temperatures above
1600 K) organosilicon species play little if any role. At lower temperatures or in the
absence of hydrogen carrier gas, the concentration of organosilicon radicals at equilibrium
increases substantially. Several of these species, including SiC 2 and HSiC=CH, are
expected to be products of the reaction between SiH2 and unsaturated hydrocarbons such
as C2H2 and C2 H4 . Although the rates of gas-phase reactions will determine the actual
concentrations of these species, the large exothermicity of the SiH 2 insertion reactions
indicates that SiC 2 and HSiC-CH may be produced in quantities sufficient to contribute
significantly to carbon deposition. Thermodynamic data are now in place to permit
development of kinetic models to proceed.
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ABSTRACT

A kinetic model is presented for the deposition of silicon carbide through decompo-
sition of methyltrichlorosilanc (MTS). The developed model includes gas phase (homo-
geneous) reactions that lead to formation of deposition precursors and surface (heteroge-
neous) reactions that lead or can lead to deposition of silicon carbide, silicon, and carbon.
The kinetic model is incorporated in a transport and reaction model for a tubular hot-wall
reactor, and the overall reactor model is used to obtain some preliminary results on th,
effects of pressure and distance in the reactor on the rate of deposition and the composition
of the deposit. The results show that the model can reproduce most of the experimental
observations of the literature.

INTRODUCTION
Because of the various chemical, mechanical, and electronic properties of silicon car-

bide, its study has been a subject of considerable interest. A large number of experimental
studies has been conducted on the deposition of SiC films through decomposition of var-
ious precursors [1]. Deposition from methyltrichlorosilane (CH3 SiCl3 ) has been one of
the most frequently studied and used routes for SiC deposition. However, the results of
the various experimental investigations vary widely from one research group to another.
indicating that the details of the deposition process (and hence, the deposition rate) are
a strong function of the experimental conditions and of the experimental arrangement
(reactor configuration) used to carry out the deposition process [1-3],

Our own experimental investigation of SiC deposition from tITS showed that the
deposition rate depends on the distance in the reactor, suggesting, among other things. that
the decomposition products may affect the deposition process and its rate [221. Subsequent
studies revealed a strongly inhibitory effect of HCI on the deposition process, in agreement
with results obtained by other investigators [3]. Needless to say, any kinetic model for
the deposition of silicon carbide through the decomposition of MTS should account for
these experimental trends, apart from the observed dependence of the deposition rate on
temperature, pressure, Pad flow rate.

Presently, most ol the published kinetic modelling studies for SiC deposition are for
codeposition processes, the precursors being mixtures of silanes and hydrocarbons. In most
cases, more effort was put into modelling the transport phenomena in the CVD reactor
than the chemistry of the reacting system under consideration [5,6]. One of the most
complete kinetic modelling studies was presented by Allendorf and Ree [4], who studied
the deposition of silicon carbide from silane and propane. They combined detailed kinetic
mechanisms for the decomposition of the two precursor compounds, anid incorporated the
homogeneous chemistry into the reaction and transport model of a rotating disk. The
surface chemistry was modelled by using a large number of heterogeneous reactions, all
leading, directly or indirectly, to growth of stoichionictric silicon carbide. Hence, the model
cannot account for the deviations from stoichiometry that have been both theoretically
predicted and experimentally observed 12,14].

A kinetic nmodel for Si, C, and SiC deposition from MTS is proposed in this study.
The mechanism includes all the chemical species found in significant quantities in exper-
imental studies of silicon carbide deposition from MTS, and both the homogeneous mid
heterogeneous reactions that it encompasses are supposed to be reversible. The kinetic
model is incorporated in a model for transport and reaction in a tubular hot-wall reactor,
and the overall miodel is used to obtain somne preliminary results on the spatial variation
of the concentrations of the gaseous species and of the deposition rate and on the effects
of reaction pressure on the stoichiometry of the deposit. More results, as well as a more
detailed description of the mathematical model, will be given in future publications.

Mat. Res. Soc. Symp, Proc. Vol. 250. * 1992 Materials Research Society
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MECHANISM FOR THE DEPOSITION OF SiC FROM M1TS
Gas Phase Chemistry

The compounds included in the kinetic niechanisn are those found in apprireciabhi
quantities by Ivanova, and Pletyushikn [131 in their JITS (lecoiiijosit iota study- Their
results are in relative agreemecnt with thermodynamic calculat ions and the experiimental
findings of Besmiann and Johnson [21. Thle radical species included in the iniechanisin
are either gas phase decomposition products, interniediates for the generation of stable
compounds, or deposition precursors.

The reactions used to model the homogeneous chemistry of the system arc given in
Table 1. Tile forward rates were determined using the results of various gas phase kinetic
studies, while the reverse rates ivere calculated from tile equilibrium constants, which
in turn were found using data from the JANAF Thermochemiical Table,, [261 and Barin
[27]. Tile equilibrium constants of reactions RIO and RII in the temperature range of our
comnputations were dletermiined by extrapolating tilernio(Iynainic. data for C,, H,- giv-en int

Table 1. Homnogeneous Reactions Table 2. Heterogeneous Reactions

RI. CH3SiCI2 -* SiC13 +j CH 3  SRI. sin", + [SJ - [SiCtI2 .
R2. SiC!2 + H, -~ SiHC1, + H SR2. C-2H2 + 2[51 -~ 2[CHI,
R3, SiHC13 - SIC12 + HCi SR3. C2H~i + 21S) -~ 2[CH2],
R4. H2 -. 2H SR4. [CH 1, + H -* [Cm>,1
R5. CH3 + H2 -~ C4 + H SR5. CH:1 + [5] -[C~H,J

R6. SiC!2 + HCt -~ SiC!., + H SRG. [Cl!2 ]. + H -~ [CH112, + H2

R7. Cm3 + H - C~H + H2  SR7. SiC13 + [S] -~ [SiC13].1
R5. CH2 + Cm3 -` C2HI + H SRS. [SiCI-1]. + H -~ [Si C']., + JIC!
R9. 2CH3 C2116 Silo. [CH2], - C + 112
RiO. C2H6 + H -~ C-2H5 + H2  SIlO. [SiC!2 1, + H12 -. Si + 2HC1

P11. C2H5 + Al1 -. C2H., + H + 1l SRI L [CH 21, + [SiC!2 1, -. SiC' + 2HC1
R12. C2H4 -~ C2H2 + 112

The rate constant of thle met hyltrichlorosilane, decomposition reactiotn was taken fronm
Burgess and Lewis [7], and that of R2 was assumed to be of the samne magnitude. Tile
reaction sequence leading to tIn- arnd tetrachlorosilane was proposed by Ashen et al. [8].
andl the SiCh2 generating reaction by Sirtl et al. [241. Dichlorosilane was not includedl in
the mechanism because in studies for thle deposition of siliconi from chlor-osilanes [24,2311
its concentration was found to he one order of mnaginitiude lower thain those of tile ot her
chlorosiianes.

An approximate value for tile rate constant of R3 was takeii front the kinetic study
of Clark and Tedder [91, who gave values for the rate constant of the trichloromecthiane
decomuposition reaction. The rate constant for PG was obtained from tile chiorosilane
reduction study of Ashen ct al. [81, and the constant used for time recombinatioii of tise
hydrogen radicals was thle one used in the methanie decomposition study of Oreechkina ci
al. [151.

The rate constants for thle mnethane and acetylene generatioit react ionss were ubt ajile~l
fromi the study of Allenidorf anid Kee [4]. Meth1ane is the main carbon hearing species
ait atmospheric psressure, while the formation of acetylene is favored as the temperatutre
increases aiid tile pressure drops. Ethylene is an intermediate species for thle genierationi oif
C211,2, and two alterrnitive routes were considered for its production. Tile first is reported
in [4[ (attributed to IMiller and M~eliris) anol consists oif reacetionis R7 aiid R8. The rate
constants used for these two reactions are the saietl as in [4]. The second route coinsist ing of
R9. RIO, and R1 was postulated by Cao and Bark [111, who usedl thle proposed mlechaiiisuii
to interpret both their experimental results and those of previous studies. VWesthrook and
Pitz [10] proposed tue same sequence and the reaction rate constants wvere ob~tainited formi
their work, Our simulation results showed that because of the very low concent rationtiof
tile inethylene radical in the gas phase, the first route behaves as *a kinetic 'ItottIIc-i mek'



withbin the range of cilonitns employed in our simrulat ions, Actually, the iate of Oit Ivylcri
produiction through, the firt., route is so low that thle mat hemnat ical rnimbI with Ii ht ~ roiiitc
emiployed gives resuilts identical, for all practical purposes, to t hose ol taiiiteil with i tlie
secono route onily.
Heterogeneous Reaction Chemistry

The bet erogenouos react ions that were included in the( inoebanisni are listed in Tibbh
2. All the gas phaise species, except .VTS, Cu1 . and SiCL1. were assumed to liarnciliatt
in deposit ion leading react ions. Becaluse of their mrolecular st ruct jire met hwi;ueAn d vs ra
clilorosilane have a v7ery low probabilitN of stickinri, on thle surface. The( stickitng probabliilit y
values obtained frontn the literature [16,17.201 for these two species are by imore than two
orders of magnitude lower than those of the other gases. %lethylt richilorosilane was c.x-
cluded becautse its gas phase decomposition was5 almost itistatitatm-otils. Reactions of citlher
Molecular hydrogen or hydrogen radicals with the solid deposit were not itncludedl itn the
mnechianism since hydrogeni has been found to etch silicon carbide otnly at. temoperat nrc>
hligher than 1700 X l,1[ and molecular hvdrogemi is not adsorbed onl silicomi stlrilrfc>

Glup ta et al. [20[ foutid SiCi. to be thle st abile siliconl-bean iig suriface species. lau I
Laniglais ct al. (23[ theoret ically predicited that it shiouldl be thle n1iai t species inlvol vii
inl silicon deposit ion. Hence, its redtiction lby liydrogemi is t reatc cit s the silicon leposit-
iti.- reaction, and that of abstract ion of hvdlrý)gei from adsorbedl metl1 vilene is assum1 ed toi
lead to carboni deposition. Equal atnouili.s of eposi ted carbont andI s'ilicon tire aissumeid
to instantutaneously react produtcitig silicon carbide. lie excess rermainiing as free carbon ur.
sili coi. Direct formnatiotn of silicoti carbide occurs through at doubille desorpt ion step (tea.-
tiont SRI 1) involving adsorbted S' C1.2 anl C~H. Sin1ce react ions SR 10 and SRII1 itivolvo
formnation of Rd., accumuliiiat ion of HC1 in the gas phase cani suppress the deposit ion oif
Si and SiC if the( two reactions a re reversible.

In order to lie aible to use thle kinetic mnodel to dlescrib~e the de position tiroecpS. %veneced rate constants for the forward andl 1huck-wat-d steps oif each reactionik taie he'11
rate constatits for the( forward steps of the( aidsorpitioti react ions (SRI Sf12. Sf13. SR.;.
and Sf17) atnd react ions involvitig at gas phlase species anid slitfaicc species ( SR-l . Sf116.
anl SRS) canl be obtain(ii biy as5u~uingl tha t tilie furwari I raite is em puil to 1114 lierllishiii
freq uecyi oif the gaseouls species wit Ii tlie( surfaice mmult iplic( idli its sticking coeflbicivin
and the framct ional ,surface coverages of tilie surface s'iecii s i toolv'ed in the reýact ioiil. For
lie back ward rate, conist ants of the ahove react ios imis athde rate tomist juts oit tilie siilid

deposition reict ionls (SRO., SRIO10 awl 51111). 5 le only availabl]e altecrn at ives are, to( t reat
tlerni as itodel paratuct ers and determiine their values by' fit titng flie nuid(el p~redicitioits toi
St le experitmental data or try to estimate their valtues front first priniciples.

TRANSPORT AND REACTION MODEL
The kintitic tueclianisin wais iticorl)(riite indjt o a st eadyv-stamt e t ratnsport so iit react ioni

muilel for a plug flow react or. Thle tmass blan miitce epitationts fori thle gasvoi is spec iis. ex.
preýssed intSermis (if partial pressuires, p'j. ii i- writteint

p

tu is thle velocity of tilie gase"ouls msixture, R is the idetal gas cotistantt T is the t imperatl ir,
andI r, is the stoicltiornetri c coefficient of species i itt reactioti ).

For the( surface reactions, the volumetric rate of reactioti is giveni byv ?,., 5 z SR.1 ,
with l?.p beinrg the int rinsic rate of lie heterogetneous react ion (per im Sii rca) anun1 S
the reactosr sin iface area per unit of reactosr volttitle (=4 / remiefosr slianiet er V The niass
hula rices for the suirfa cc species have the formil:

E ,A'= 0 2)
p

Iheat effects associated with thme ucuckiretue of the reactions tire ieglect ~lý .'\ssinit iitg
thict there is negligible pressure dIrop) in the reaictomr, i.e., Ep, = p _=cosistatit, eq. (1)
1may) hW sltissitter over i (IVaryinlg over the gas phase species) to obtain the( v(iat ion givitng
lie variat ion of Itht velocity of the gas mix tuSre intt le reactor:
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((3)

pf

Eqs. (l)-(3) are solved simultaneously along tile length of thle reactor to obtain thle
variation of the concentrations of gas phase and surface species in the reactors. Any solver
designed for algebraic- differential equation systems suffices for this purpose.

DISCUSSION OF SOME RESULTS
All results presented and discussed in this section are for isothermial reaction con-

ditions operation at 1300 K, and with the feed containing H2 anid MTS only at a 10:1
ratio. ke will first p resent and discuss results for the case in which onily the gas phase
reactions are allowed to take place. Such results help us undlerstand thle avnamrics of the
gas phase reactions independently of the reactions occurring on solid surlaces and thus
obtain an order of magnitude estimate of the distance or equivalently space velocity or
residence time needed to reach thermodynamic equilibrium in the gns phase.
Gas Phase Reactions Only

Figs. (1and 2 present simulation results for the variation with the residence tune in
the reactor of the concentrations of the gas phase species for atin total pressure anyd witlh
only the homogeneous reactions taking place. The results for HCi are displayed in Fig. 1
alohg with those of the silicon species, and Fig. 2 shows the variation of the concentrations
of the carbon species. The concentration vs. time curve for H2 is shown in both figures
for comparison.
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of magnitude in about 0.01 a - all the other species require residencre tiiies of mnore than
1000 s to reach their equilibrium concentrations. In view of thle fact that mullch smnaller
residence times are encountered in typical CVD or CV1 reactors, this result suggests that
even in the absence of heterogeneous reactions, it is the kinetics of the problem thait de-
termine its behavior and not its thermodynamic equilibriimai. The shapes of the various
concentration vs. time curves indicate that the times constants encountered in the process
cover a relatively broad range of values.
With Surface Reactions

Only a few preliminary- results that underscore the capacity of the nuitheinatical
model to reproduce and explain most, of the experimental observations made onl the dep,)o-
sition of Si C from A-ITS are presented and discussed here. They are are for a cylindrical
geometry reactor (1.5 nn in dliamieter) with thle reactive mixture entering the reactor withi
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600 nil/min flow rate at standard conditions. Since there are no data available for sticking
coefficients on SiC surfaces, we used data obtained from studies oil silicon surfaces. The
sticking coefficients of all radical species were assumed to be unity. The reactive sticking
coefficient of acetylene (2 x 10-2) was obtained from the work of Mogab az.d Leamy [106,
and that ethylene (2 x 10-3) from the study of Stinespring and Wormhoudt [17].

Computations were carried out for several sets of values for the unknown rate con-
stants of the heterogeneous reactions. For the results discussed here, reactions SR4, SRG,
SR8, SR10, and S ll were treated as irreversible, and the rate of reaction SR9 was set
equal to zero. The backward rate constants of SR1 and SR7 (expressed in kmol/in 2 .s) were
obtained by multiplying the forward rate constants (expressed in kmol/n 2 .s.atM) by 10-2.
Similarly, the backward rate constants of reactions SR2, SR3, and S115 were set equal to
the forward constants times 10-3. Estimates for the forward rates of the deposition re-
actions (SR10 and S111) were obtained by requiring that the deposition rates predicted
by the model be of the same order of magnitude as the experimental rates seen in our
experiments [22] and in other studies of the literature. Thus, the forward rate constant
of reaction SRI0 (expressed in knmol/m 2 .s.atm) was set equal to the constant obtained
from the collision frequency of H2 multiplied by 10-r, while the rate constant of S111
(expressed in kmol/m 2 -s) was taken as an order of magnitude higher than that of SR10.
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Figure 3. Deposit stoichiometry vs. dis- Figure 4. Si deposition rate vs. distance.
tanee. T = 1300 K; AITS:H 2 =-1:10. T = 1300 K; MTS:H2=1:10

Figs. 3 and 4 present the variation of the stoichiometry of the deposit and of the
rate of Si (as SiC or Si) deposition, respectively, with the distance from the entrance of
the reactor for three values of partial pressure (1, 0.1, and 0.01 attn) It is seen that the
composition of the deposit depends strongly on the gas phase pressure in the reactor, a
result seen in most experimental studies. [he stoichiometry of the deposit improves with
decreasing pressure because at high pressures the dominant stable carbon species is CH4 ,
while low H2 partial pressures favor the formation of more reactive stable species (namnely,
C;'H 2 and C2 114 ). It should be noted that it is the partial pressures of the reactive species
that influence the behavior of the system and not the total pressure itself. The total
pressure in the reactor appears explicitly in the mathematical model only in the kinetics
of reaction R.12 (through the concentration of species Al), and as a result, its effects on
the behavior of the system are rather weak. The effects of total pressure on the deposit
stoichiomnetry and the other variables of the process may be reproduced by the model by
using an inert species to dilute the feed and thus lower the partial pressuires in the gas
phase.

The deposit stoichiottietry remains almost constant over some distance from the'
entrance of the reactor, but then it goes through a relatively fast change, for 0.1 and I
attn pressure, with silicon practically becoming the only deposition product. This alo
happens for 0.01 atin pressure but for much larger residence tunes, outside the observation
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window of Fig. 3. At thle point of stoichioiaxet rv chanlge. the dejpositiori ntl al~o
a significant chiange (sce Fig. 4). This phienomtenon is no 111t du to teplet ion oIf sifii' 1 .1 ;ll
carbon since mnore than 50V of carbon auad siliconl votitaiil I it5 iitll( feed is Till pisa 11!

lie reactor at 1 attn whien thle carbonl to silicon rat io Starot s to I '' wasa, and I liol iraI
70V, at 0.1 atmi.

The results oif Fig. 41 intdicate thalt the dopenden ce of t lie d' posit 'anratea oil pxc

sure and dist ance in thie react or is rather coniplex. Depetoli I oil where inlrn it'

are takeri, the deposition rate for the case considered in Fig. I may. Vava'noizotil
with the react ion pressurr (increase or decerease ) or pr.. 'a lt ;111 exit ran111 a1 in II ;ix lj01H IIIa
iiiiiininm) between 0.01 and 1 at in. In is not surprisintg, thlerefore, that t liirv is, cou it
erable disagreemenet inl the literature on iine effects of the varicias openlitionai I(inii' nt~i
oni the deposit ion rate, from M.1TS. (Notice t Iiat th e effects of pre~suira o i dop isi t,'
ichiomnetry and tleposi lion raite may dliffer qoamit it at ivslv froll thi ose of Fis .3 ;a 'I ;f

on *llw for thliird body. collisions'iii thle nItunolecula r 'steps of I, vt 0.1 ilili, 1,i

the decomipositioti of .1! TS, for itistilowe. ) TIe' result s of Fig,. -1 ili'ic;it thaI jt in o: I lot, l
imake e-xperimental dmat for thle .1ITS-Si C s'.steitt useful to other w ivrcki i ill th Iii :,n III,
peLrsoni reporting the data sli,.iild make available ;int onlyilie, tompeitiiruit r. )irvssi te ;, I

ýomlpo'sit tIO of operation, hot thle relict or onifigu Irat ion., su b t I a uliatc diivnioj pon . i i ioulo
ineastllrcat, and tetnicrat ul field in thle relicto ;i s wall.
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KINETICS OF CHEMICAL VAPOR DEPOSITION OF SIC BETWEEN
750 AND 850*C AT 1 BAR TOTAL PRESSURE

DIETER NEUSCHOTZ AND FARZIN SALEHOMOUM
Prof. Dr.-Ing. D. Neuschttz and Dipl.-Ing. F. Salehomoum, Lehr-
stuhl fUr Theoretische Hittenkunde, Rheinisch-Westfalische Tech-
nische Ho hschule (RWTH) Aachen, D-5100 Aachen, Germany

ABSTRACT

The deposition rate from mixtures of methyltrichlorosilane
(MTS), hydrog-n and methane was measured thermogravimetrically
using a hot wall vertical reactor and planar Sic substrates.
Below 850*C and at sufficiently high gas velocities, the rate of
the phase boundary reaction could be determined. In the absence
of CH4 and at H2 :MTS=55, Si was deposited together with Sic.
Addition of CH4 lowered the Si content, pure Sic being deposited
at CH4 :MTS above 10. The deposition rate j in the range 750 to
850WC follows the equation
j = j(Si) + j(SiC) = k(Si).exp(-E(Si)/RT),(MTS]) +

+ k(SiC) -exp(-E(SiC)/RT) o MTS] 0 5

with E(Si) = 160 and E(SiC) = 300 kJ/mol. Reaction mechanisms are
presented to account for the observed reaction orders with res-
pect to MTS. Between 900 and 970 0 C, the reaction rate decreased
with temperature indicating a change in the deposition mechanism.

INTRODUCTION

Chemical vapor deposition of Sic was first investigated in
the 1960s to prepare diffusion barriers on nuclear fuel par-
ticles [1]. Later, technical interest in SiC deposition focussed
on fiber-reinforced ceramic materials for high-temperature ap-
plications [2,3]. Improved oxidation resistance of carbon fibers
coated with SiC and improved mechanical strength of porous cera-
mic-matrix composites vapor infiltrated with SiC are potential
benefits obtained from vapor deposited Sic.

In CVD, homogeneous gas reactions, transport processes in
the gas phase, and heterogeneous reactions on the substrate
surface have an influence on the deposition rate and on the
composition of the deposit. For SiC formation, the starting gas
mixture is typically methyltrichlorosilane (MTS) plus hydrogen.
It is known that MTS decomposes readily before reaching the sub-
strate [8), and that the Si and C activities in the gas phase may
be shifted resulting in a deposit of Si or C together with SiC.
At temperatures below 1100 0C, MTS-H 2 mixtures are reported to
lead to codeposition of Si+SiC, with a rising Si/C ratio at lower
temperatures (4-7]. For a uniform deposition on a given substrate
and for good penetration during chemical vapor infiltration, the
gas diffusion rate should be higher than the rate of the deposi-
tion reaction.

It was the aim of the present investigation to determine,
at 1 bar total pressure, the corresponding temperature and par-
tial pressure ranges to deposit pure Sic. Previous work [1,4,8,9]
was taken into account.

Mat. Res. Soc. Syrup. Proc. Vot. 250. 1992 Materials Research Society
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EXPERIMENTAL

The deposition kinetics were measured thermogravimetricaIll.,
using a vertical, externally heated A1 2 0 3 tube as reaction cham-
ber with 27 mm inner tube diameter and 100 mm vertical lenvth of
the isothermal zone. The planar substrate, l0x50xl.6 mm, wa
connected to the thermoscale (Sartorius) via a magnetic coupling
device, which kept the corrosive gases away from the scale. As; a
substrate, c-SiC (ESK Kempten) was used. Before starting the
measurements, a uniform layer of 504m of 3-SiC was deposited at
11000C. Each substrate was used for a number of measurements,
until the mass increase was 3.5 q and the layer reached 1.2 m
thickness. Methyltrichlorosilane (CH3 SiCI 3 ) from Wacker Chemic
was evaporated in a thermostat into a stream of hydrogen gas. The
mixture was then cooled to a slightly lower temperature to recon-
densate some MTS and establish MTS saturation in the gas stream.
Hydrogen and methane purities were 5.0 and 2.5, respectively. All
experiments were carried out at 1 bar total pressure with partial
pressures ranging from 0.01 to 0.045 bar for MTS and from 0 to
0.5 bar for CH4 . The Si/C ratio in the deposit was determined by
electron beam microprobe analysis.

RESULTS FOR TEMPERATURES BETWEEN 750 AND 8501C

In order to measure reaction-controlled deposition rates,
the influence of the total gas flow rate on the reaction rate was
determined, Fjgure 1. Below 850*C, the rate became independent of
the gas velocity at V ? Ž 120 1/h (standard conditions). It was:
in this range of temperatures and gas flow rates that the reac-
tion rates were determined versus partial pressure and tempera-
ture. The deposition resulted in smooth, uniform layers over the
entire substrate. The composition of the layer as determined by
EBMA was 75 at% Si and 25% C. X-ray analysis showed poorly cry-
stallized Si and i-SiC. Above 8501C, gas diffusion had a major
influence on the overall deposition rate.

to87 00

10 50 100 150 200 i

FIg : Deposition rate from MTS+f2 as a function of temperature
and total gas flow rate
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The addition of methane to the MTS-H 2 mixture lowered the
Si/C ratio of the product until pure SiC was deposited. Figure 2
shows the silicon and carbon contents of deposits formed at 870*C
and increasing CH4 contents. A ratio of CH 4 /MTS : 15 was required
at 870°C to complptely suppress the formation of elemental sili-
con. At lower temperature, this ratio is even higher. Tests to
measure the deposition kinetics of pure SiC were run at 15 <
CH4 /MTS < 30.

-e 8701C
100- .p~IH .pM*H ý1 barto H TS ,CIII.

Vz = 56 N11h; Vs -4 NI/h

H4 0, 40;4'8;20:40.60 NS/h

at%

Fig. 2: Effect of the CH 4 /MTS ratio on the composition of the
deposit as determined by microprobe analysis

With MTS-hydrogen mixtures, the kinetics were measured at
total flow rates of 130 1/h and MTS flow rates between 1 and
5 1/h. The experimental results are summarized in Figure 3. The
different symbols represent measured values at four temperatures
between 770 and 845 0 C. From the slope of the straight lines the
reaction order with respect to MTS is seen to increase from 0.60
at 845*C to 0.74 at 770*C. At the two highest temperatures, the
measured values fall below the straight lines at the highest MTS
partial pressure, because gas diffusion starts influencing the
overall rate. The deviation at 7951C may be caused by a slight
misplacement of the thermocouple. A mixture of Si+SiC was depo-
sited in this series.

The results obtained with MTS-hydrogen-methane mixtures are
presented in Figure 4. The flow rates were 56 I/h H2 , 50 I/h CH4
and 1.4 to 4.5 I/h MTS. The reaction order for MTS was 0.5 at all
temperatures. Pure SiC was deposited in this series of tests.
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Fio. 3: Deposition rates of Fig. 4: Deposition rates of
Si+SiC from MTS+H 2. Flow rates SiC from MTS+H 2 +CH4 . Flow
were 126 1/h for H2 , 1 to 5 rates were 56 1/h for H2,
for MTS. Symbols represent ex- 50 for MTS, the ratio
perimental values, straight CH 4 /MTS was 11 to 35. Sym-
lines were calculated from bols represent experimen-
eq.(l), tal values, straight lines

were calculated from eq.(1).

RATE EQUATION AND REACTION MECHANISM

The experimental results indicate that the deposition rate
of pure SiC is proportional to [MTS] , while for the mixed
deposition of Si+SiC, the reaction order with respect to MTS is
between 0.5 and i, increasing with falling temperature. Since the
Si/C ratio in the layer deposited from MTS-hydrogen mixtures
increases with lower temperature [4-7], it may be concluded that
the Si deposition is a first order reaction and that the measured
rate for Si-SiC codeposition is the sum of the two individual
deposition rates for Si and for SiC assumed to be independent of
each other,

j = j(Si) + j(SiC) = k(Si).exp(-E(Si)/RT).[MTS]1 
+

+ k(SiC).exp(-E(SiC)/RT).fMTS] 0 5
. (i)

j, k, and E are rate, rate constant, and activation energy,
respectively, and the brackets denote concentrations.
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Eq.(1) was used to evaluate the experimental data for Si/SiC
codeposition, Figure 3. With E(Si) = 160 and E(SiC) = 300 kJ/mol
and adapted values for k(Si) and k(SiC), the straight lines in
Figure 3 were calculated from eq. (1), showing good agreement
between experiments and proposed rate equation.

The second term j(SiC) of eq.(1) was applied to the results
from MTS-H 2-CH 4 mixtures. The absolute measured rates were lower
by a factor of 2.5 than the values from eq.(1) at all temperatu-
res. The straight lines in Figure 4 were calculated from eq.(1)
with this correction, then showing excellent agreement.

A tentative mechanism was developed to explain the diffe-
rent reaction orders for Si and Sic deposition. The reaction
sequence leading to Si formation is suggested to be

CH3 SiCl 3 = C* + Si*, (slow) (2)

Si* + nH 2 = Si + 2n H*. (fast) (3)

The species C* and Si* are intermediate decomposition pro-
ducts of MTS, containing C and Si, respectively, with no further
information on their analyses and properties.

Hence, the rate of Si deposition is

j(Si) - (Si*] - [CH3 SiCI 3]|. (4)

The corresponding reaction sequence for SiC formation may be

CH3 SiCl 3 = C* + Si*, (fast) (5)

C* + Si* = SiC + ... (slow) (6)

Since (5) is assumed to be fast, this reaction will reach

equilibrium (K = equilibrium constant),

K = [CC][Si.]/[CH3 SiCl 3]. (7)

If the species C* and Si* are only formed by MTS decomposi-
tion, their concentrations must be equal, thus

K = [C* 2 /[CH3 SiCI 3J. (8)

According to eq.(6) the rate of Sic deposition is

j(Sic) - [C*][Si*]. (9)

Since silicon species are reported to be more strongly
adforbed than carbon species [11,12), surface saturation in
Si may be assumed. Then,

j(SiC) - [C*] - (CH 3 SiCl 3 ]
0

.
5

. (10)
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RESULTS FOR TEMPERATURES ABOVE 850*C

A few tests carried out at higher temperatures revealed an
anomalous behavior of the deposition rate as a function of tempe-
rature and gas flow rate: At relatively low total flow rate
(70 1/h), the rate decreased with temperature above 870°C. Rising
flow rates accelerated the deposition rate strongly and did not,
as below 8700C, lead to a saturating value. Possibly, a change in
the reaction mechanism takes place around 9001C. Assuming that
one of the intermediate species essential for the deposition
reaction is eventually consumed at the higher temperatures by a
homogeneous gas reaction, higher gas velocity will shorten the
time available for this side reaction and therefore increase the
deposition rate, see Figure 1, 920*C. Methane seems to be effec-
tive in retarding this side reaction, while at lower tempera-
tures, it solely raises the carbon activity in the system thus
suppressing the deposition of free Si.

The rate anomaly of SiC deposition above 9001C has been
reported previously [4,10]. More informations are required to
quantitatively describe the process in this range.
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KINETIC CHARACTERISTICS OF Si3N4 CVD

W. Y. LEE, J. R. STRIFE, and R. D. VELTRI
United Technologies Research Center, East Hartford, CT 06108.

ABSTRACT

The CVD of Si 3 N4 from SiF4 aid NH 3 gaseous precursors was studied using a hot-
wall reactor in the temperature range of 1340 to 1490°C. The effects of temperature, time,
flow rate, and SiF 4/NH 3 molar ratio on deposition rate and axial and radial deposition
profiles were identified. The decomposition characteristics of pure NH 3 and SiF4 were
studied utilizing mass spectroscopy and compared to thermodynamic predictions.

INTRODUCITION

Si 3 N 4 coatings have been successfully fabricated by CVD (chemical vapor
deposition) for use in various microelectronic and structural applications. Si 3N4 can be
deposited from a wide variety of silicon containing precursors such as SiCl4 , SiF 4 , SiH2C12,
SiH4, etc. NH 3 is the most widely used nitrogen-containing precursor for the Si 3 N 4
deposition although N2 H6 and N2 have been occasionally used. In general, the CVD of
crystalline Si 3 N4 has been achieved at temperatures above -1300*C using SiCk-NH3 and
SiF 4-NH 3 precursor mixtures. Kingon et at. [11 studied the thermodynamics of the SiH4 -
NH 3 , SiC14 -NH 3 , and SiF 4 -NH 3 precursor systems in the temperature range of 500 to
1700*C. Interestingly, the thermodynamic analysis predicted that Si 3 N4 would not be
deposited above -1300"C from the SiF4 -NH 3 system. Galasso and his co-workers [2-5]
were able to experimentally deposit Si 3 N4 at these high temperatures indicating that
deposition was controlled by kinetics and/or transport phenomena. This investigation was
initiated to identify critical kinetic issues concerning the SiF4 -NH 3 CVD system.

EXI-ERIMENTAL

SiF 4 (99.99%) and NH 3 (99.9%) were separately introduced into a cylindrical
graphite retort using a water-cooled, co-axial dual-path injector constructed of stainless steel.
The graphite retort was placed vertically, and the gas flow direction was upward. The retort
was heated by graphite heating elements which enclosed the retort. The inside diameter and
length of the graphite retort were 13.3 cm and 56.9 cm, respectively. A quadrupole mass
spectrometer located in the downstream of the reactor was used to monitor effluent gas
composition. An orifice probe technique was used to sample the exhaust gas by differentially
pumping the mass spectrometer chamber. Graphite rods of 0.63 cm diameter and 30 cm
length were fixed vertically to probe deposition rate as a function of axial location in the
retort. Following deposition of Si3 N4 , the graphite rods were sectioned into 1 cm length
cylinders at specific axial locations and the graphite was removed by oxidation at '-6500 C.
The remaining coating shells were then analyzed. The utilization of a water cooled injector at
the reactor inlet caused significant temperature gradients in the axial direction. The
temperature profiles shown in Figure 1 were measured along the reactor centerline using a
platinum-rhodium thermocouple. Peak temperatures were measured at approximately 35 cm
from the reactor inlet. The total temperature gradient from t-. reactor inlet to the peak
temperature location was about 70'C. The "nominal" temperatures listed in Figure 1 were
temperatures measured using an optical pyrometer focused on the outer wall of the graphite
retort at -28 cm from the retort inlet.

RESULTS

Changes in deposition rate were measured as a function of radial position by placing
graphite rods at various radial locations. As shown in Figure 2, the deposition rates

Mat. Res. Soc. Syrmp. Proc. Vol. 2S0_ 1992 Materials Research Society
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Figure 1. Axial temperature profiles measured by a thermocouple along the reactor center
line while flowing 688 cm 3/min of Ar at 1.8 ton'. The nominal temperature was
measured using an optical pyrometer focused on the outer wall of the deposition
chamber -28 cm from the reactor inlet.

decreased in the outward radial direction at the 2.5 cm and 7.6 cm axial locations whereas the
radial deposition profile became relatively uniform at more downstream locations. The
significant radial divergence near the reactor entrance region was attributed to inadequate gas
mixing. Similar deposition rates were observed for the rods placed radially on the opposite
side of each other at 1.9 cm from the reactor center suggesting that the flow characteristics in
the reactor were basically axisymmetric. The rest of data reported in this paper was obtained
by placing one rod at the 1.9 cm location.

Deposition temperature was found to be the most dominant and important variable for
the Si 3 N4 process. Both deposition rate and axial deposition profiles were strongly
influenced by the deposition temperature. As shown in Figure 3, the deposition rate
measured at 2.5 cm from the reactor inlet increased exponentially with temperature as the total
flow rate was held constant at 688 cm 3/min at STP. An apparent activation energy value of
62 kcal/mole was calculated at the 2.5 cm location. Some experiments were repeated to
assess the data reproducibility. Although the observed trends were clearly reproducible,
measured values varied by as much as 30% in some cases. This uncertainty level could be
attributed to temperature control. Temperature fluctuations of ±10'C were routinely
monitored by the optical pyrometer during deposition. In comparison to the strong
temperature effects shown in Figure 3, the ±10°C fluctuations were sufficient to cause the
observed variation in the reproducibility data.

The curvature of the deposition rate profiles became much steeper as the nominal
temperature increased. This behavior was most likely caused by faster depletion of the
reagents with increased temperature. At downstream locations, the Arrhenius relationship
between the deposition rate and temperature was not clearly observed because of the
depletion phenomenon. As the temperature increased, "etch lines" were observed closer to
the injector. The term "etch line" was used to describe the axial location which divided the
reaction chamber into two zones; the deposition zone and the etching zone where Si 3 N4
deposition ceased.



I
49

50

"N 401
iE -'-- 3.8 an

E

S30 - 5.7 cm

20.

10

0 5 10 15 20 25 30

Distance from Inlet (cm) P2F2

Figure 2. Axial deposition profiles obtained as a function of radial location; nominal
temperature = 1440'C, pressure 1.8 tort, time = 4 h. The radial distance was
measured from the reactor center.
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Figure 3. Effect of nominal temperature on axial deposition profile: pressure 1.8 torr,
NIa/SiF4 ratio = 6, total flow rate = 688 cm3 /min, and time = 4 K.
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Decreasing the total flow rate from 688 to 413 cm3/min resulted if) a slight decrease in
deposition rate. In addition, the exponential increase in the deposition rate with temperature
was no longer evident at the 2.5 cm rod location. These results indicated that the apparent
activation energy values were dependent on transport factors. For comparison, the apparent
activation energy value of-47 kcal/mole was calculated using the data reported by Galasso et
at. [4] who used a cold-wall reactor to deposit Si 3 N4 from the SiF4-NH 3 reagent system.
Niihara and Hirai [61 observed that the apparent activation energy value for tht: amorphous
growth from the SiCI4 -NH 3 reagent system was -30 kcal/mole while that of the crystalline
growth was -53 kcal/mole.

In general, decreasing the NH 3/SiF 4 ratio from 6 to 3 increased deposition rate.
Also, coating thickness increased linearly with increased deposition time indicating that the
role of the initial graphite substrate surface was probably insignificant. It should be
mentioned that the retort wall provided most surface area for the Si 3 N4 deposition, and the
retort wall was fully coated with Si 3N4 before these experiments were performed-

The decomposition characteristics of pure NH 3 and SiF4 gases were studied using
mass spectroscopy. As shovn in Figures 4a and 4b, similar mass spectra were obtained
while flowing 1] 16 cm 3/min of pure SiF 4 at room temperature and 1450'C, respectively,
indicating that SiF4 did not thermally decompose at the high temperature. A standard SiF 4
mass spectrum from Ref. 7 was used to assign the SiF4 peaks shown in Figures 4a and 4b.
In contrast, NH 3 decomposed extensively into N2 and 1H2 at 1450'C as shown by comparing
Figures 4c and 4d, the spectra obtained at room temperature and 1450°C- When the nominal
temperature was increased to 1450'C. the intensity of the NH 3 peaks around 17 amu
decreased about two orders of magnitude while the N2 and H2 signals increased by more
than one order of magnitude. The N2 and 02 peaks in Figure 4c were probably due to an air
leak. The presence of Ar peaks at 40 and 20 amu in these figures was attributed to the purge
gas flowing in the cavity between the graphite reactor retort and outer stainless steel jacket.
These experimental observations were consistent with SOLGASMIX-PV 181 calculations
performed using thermochemical data from the JANAF Tables 191. As listed in Table I, the
calculations predicted that pure SiF4 would not decompose appreciably at 1450'C while NH3
was unstable at this temperature.

Table I. Stable gas species expected from the SiF 4+NH 3, pure NH 3, and pure
SiF 4 systems at 1450*C and 240 Pa (1.8 torr). Equilibrium partial
pressures were calculated using the SOLGASMIX-PV code 181.

Renents Equilibrium Partial Pressures (Pa)

3 moles SiF4 + H2 109.0
4 moles NH3 N2 41.1

SiF4 38.0
HF 27.7
SiF3 19.4
SiF2 4.0
H 0.5
SiHF3 (0.3

pure NH3 H2 179.4
N2 59.9
H 0.7

pure SiF4 SiF4 239.9
SiF3 0.05
F 0.05
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Figure 4. Mass spectra obtained using the following conditions: (a) 120 cm 3/min of SiF4 at
room temperature, (b) 120 cm3 /min of SiF4 at 1450TC, (c) 710 cm 3/min of NI13
at room temperature, (d) 710 cm 3/min of N11 3 at 1450'C, and (e) 120 cm 3/min of
SiF 4 and 710 cm 3 /min of N113 at 1450'C. A reactor pressure of 1.8 torr was
used for these experiments.
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When NH 3 and SiF 4 were simultaneously introduced at 1450'C, Figure 4e, the
presence of HF in the exit stream along with N2 and H2 wa. !early noticeable as the
intensity of the 20 amu peak became stronger than that of the , -,k at 40 amu. The mass
spectrometer probe was located downstream of a condenser which was used to trap
particulates formed by low temperature reactions between unreacted SiF 4 and NH3. Because
of the condenser location, mass peak patterns corresponding to the unreacted SiF4 and NH13
were not visible in Figure 4e. Based on weight gain measurements on the condenser, it was
estimated that approximately 94% NH 3 and 82% SiF 4 were decomposed and/or reacted
before they reached the condenser stage. Thus, the mass spectroscopy and material balance
data were in qualitative agreement and indicated that NH 3 was significantly depleted along the
reactor length by thermal decomposition as well as deposition reaction(s) with SiF4 .

As tabulated in Table I, the thermodynamic analysis of the SiF 4 -NH3 reagent system
suggested that: (1) most NH3 would decompose and the rest would react with fluorine
containing species to form HF and (2) SiF4 was relatively stable and some would become
sub-fluoride species to provide fluorine atoms necessary to form HF. Also, it was
previously determined by Kingon et al that Si 3 N4 was not thermodynamically stable enough
to be deposited as a solid phase at these conditions. In a mathematical sense, the
SOLGASMIX-PV calculations would not "see" the presence of NH3 as a starting reagent
because of its thermochemical instability in reference to N2 and H2 . Therefore, it should be
interpreted that: the SOLGASMIX-PV calculations predicted that Si3 N4 would not be
deposited from the N2-H2 -SiF4 reagent system. Also, this implied that the Si 3 N4 deposition
would not take place once NH 3 was fully decomposed.

SUMMARY

The key process parameters which governed deposition kinetics were identified.
Deposition temperature was found to be the most important process parameter in affecting
deposition rate and axial coating uniformity. The thermodynamic and mass spectroscopy
studies indicated that the Si3 N4 process was kinetically controlled. The depletion of NH3 by
both decomposition and deposition reactions was rapid in the reactor and was important to
understanding the Si 3 N4 deposition process.
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ABSTRACT

A combined experimental/theoretical study is presented of the onset conditions for gas
phase reaction and particle nucleation in hot substrate/cold gas CVD of transition metal oxides.
Homogeneous reaction onset conditions are predicted using a simple high activation energy
reacting gas film theory. Experimental tests of the basic theory are underway using an
axisymmetric impinging jet CVD reactor. No "vapor phase ignition" has yet been observed in the
TiCI4/O 2 system under accessible operating conditions (below substrate temperature T,= 1700 K)
and further experiments are planned using more reactive feed materials. The goal of this research
is to provide CVD reactor design and operation guidelines for achieving acceptable deposit
microstructures at the maximum deposition rate while simultaneously avoiding homogeneous
reaction/nucleation and diffusional limitations.

INTRODUCTION

The onset of gas phase reaction and ,article nucleation is a common problem in the CVD of
transition metal oxides, often resulting in decreased deposition rates and reduced film quality 11-31.
This is particularly true in cold gas/hot substrate CVD systems in which homogeneous reactions in
the thermal boundary layer adjacent to the hot substrate produce particles which are
thermophoretically repelled from the surface and. for the most part. do not deposit 141, We call the
sudden onset of significant reagent consumption by homogeneous reactions which result in non-
depositing products (e.g. TiO 2 particles) "vapor phase ignition" (VP[). Since the onset of
homogeneous reactions can effectively starve the growing surface of reagent, it is often possible to
detect vapor phase ignition by a sharp drop in deposition rates with increasing surface temperature.
On the other hand, in hot gas/cool substrate systems the onset of homogeneous particle nucleation
can lead to increased film growth rates due to interface roughening associated with
thermophoretically driven particle/vapor co-deposition 15.61. It must also be mentioned that high
temperature deposition rate decreases may be due to other causes, such as reaction product
thermodynamic instability 171. Dramatic rate decreases attributed to VPI were first reported by
Ghoshtagore [41 for titania deposition from TiCI4 in 02, and his early experimental studies may
still be the most thorough. Unfortunately, it difficult to use his data to predict conditions under
which vapor phase ignition will occur in other reactors (let alone other chemical systems) because
the transport conditions in his experiments were not well characterized.

We developed and are using an impinging-jet stagnation point reactor to experimentally
study vapor phase ignition under well-defined transport conditions. In particular, we are inferring
the onset of VPI in the thermal boundary adjacent to a hot substrate from observable decreases in
deposition rates and changes in deposit microstructures. Future experiments will also include light
scattering from particles nucleated in the boundary layer and non-intrusive measurements of local
vapor phase species concentration. Experimental results are being used to assist in the
development and eventual verification of a quantitative theory to predict the onset of vapor phase
ignition in systems where high activation energy confines homogeneous reactions to a thin
chemically reacting sublayer embedded within the thermal boundary layer adjacent to the hot
deposition surface. Our objective is to develop a general theory which can be used with available
homogeneous and heterogeneous chemical kinetics data to establish reactor design criteria and
select optimal operating conditions which maximize deposition rates while just avoiding both VPI
and vapor reagent diffusional limitations. A potentially useful byproduct of the theory will be the
ability to extract global homogeneous reaction kinetic parameters from deposition rate data taken
under well-defined transport conditions - i.e. just as it is now common practice to extract
heterogeneous kinetic parameters from exponentially increasing deposition rate data using an
Arrhenius plot, with a more complete analysis of the type outlined here it should also be possible to

Mat- Res. Soc. Symp. Proc. Vat. 250. 1992 Materials Research Society
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extract useful homogeneous kinetic parameters using deposition rate data in the fall-off region
beyond VPI.

HIGH ACTIVATION ENERGY REACTING FILM THEORY

The basic theory is intended to predict the effect of homogeneous reaction on vapor
deposition rates when homogeneous reactions result in non-depositing products for the typical
typical case of cold gas/hot substrate CVD systems [8]. If the homogeneous reactions are
controlled by some high activation energy process with an apparent overall activation energy Ehoni
and (Ehorn/RTw) >> I (where R is the gas constant), then at sufficiently high wall temperatures
there should be a chemically "frozen" outer region and a thih: chemically reacting sublayer adjacent
to the hot substrate. By exploiting the thinness of this reacting sublayer (to which all
homogeneous reactions are confined), it is possible to generate a simple asymptotic solution for
one-dimensional species mass transport and obtain expressions for the reagent mass fraction
profile o(y) normal to the substrate and the deposition flux which account for Soret as well as Fick
diffusion everywhere, and reagent losses in the reacting sublayer.

The key assumptions in our present simplified model are: 1) a cold reagent gas stream at
inlet temperature Te impinging on a hot deposition surface at Tw 2) transport to the deposition
surface through a one-dimensional stagnant gas film of thickness 8 representing a stagnation point
boundary layer 3) high activation energy homogeneous chemical kinetics (Ehotn/RTw >> I) and 4)
simple global homogeneous and heterogeneous chemical reaction rates i and fitet for a single
limiting reagent, of the form:

rhom = A.(p.oxy)rm.e-F-_,T)

rhCt = B.(p. y-r.e -,•T)

where p is the gas density. A and B are the homogeneous and heterogeneous reaction pre-
exponential factors, and Ehom and Ehet are their activation energies. Besides T,,r.]. our solution
involves the following key dimensionless parameters:

Damhhom A82

Damh, 8A .{p w,)r- ( .

where D is the limiting species Fick diffusivity and Damhal, and Damhet are Damkohler number,
for the homogeneous and heterogeneous reactions. For the case of first order homogeneous and
heterogeneous reactions (m=n=l). we obtain a simple closed form expression for the surface flux
of the limiting reagent which displays the expected high temperature fall-off v hen Ehom > Ehet. as
shown in figure (I). Note that when the hetert.geneous reaction is sufficiently fast (i.e. when
Damhet is sufficiently large) there is a transition from heterogeneous kinetic control to diffusion
control and finally to VPI and the high temperature deposition rate fall-off region. Slower surface
kinetics result in a transition from heterogeneous kinetic control directly to VPI and the fa"-off
region (presumably the sequence of events in Ghoshtagore's experiments). It is also evident that
to maximize deposition rates, optimal operating conditions would result in incipient vapor phase
ignition. However. to obtain acceptable deposit microstructures it may be necessary to operate at
surface temperatures below both VPI ind the onset of appreciable diffusioiaal limitation,; Since a
primary goal of this work is to guide CVD reactor design and operation, experimental cot relation
of deposit microstructures with deposition conditions in the vicinity of VPI is currently underway
to complement our CVD-rate measurements.
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EXPERIMENTAL

To verify or guide improvements of our theoretical model we are now investigating the
onset of VPI under well-defined transport conditions using an axisymmetric impinging jet CVD
reactor. The reactor is shown schematically in figure (2). Cold reagent and carrier gas enter the
reactor from the top, flow through a converging cast alumina nozzle and impinge on a polished
Ltuartz disk substrate which rests on an RF-heated graphite susceptor (r~substrat = rjt Preliminary
experiments have been for ti~ania deposition from TiCI 4/Oz/Ar and TiC]4JN2O/Ar at .1 MPa
pressure using excess oxidizer. The TiCI4 source is a constant temperature liquid bubbler and all
lines carrying the TiC14 are teflon with stainless steel fittings and valves. To avoid water
contamination the reactor is pumped down to 10 Pa for several hours before each run and only dry
gasses are used (ultra high purity Ar. H20 < .5 ppm). Our intention was to measure deposition
rates with effectively no water, since it reacts violently with TiCI4 even at room temperature. In
some of our experiments water contamination was inferred from the presence of TiO2 particles in
the cold (300 K) reagent mixing chamber above the nozzle. Deposition rate data from these
experiments were thrown out and gas handling was improved to eliminate the problem, although
future experiments with controlled water addition are planned. Deposition rate measurements are
by in sitit interferometry (at a wavelength of 633 nm) and ex situt weight gain.

Our current range of accessible operating conditions (with well defined fluid flow) are: T~.
up to 1600) K. pressure P between (1.0 1 and 0. 1 MI'a. and impinging jet Reynolds number Rejet
between roughly 100 and 600 (based on nozzle radius rje). Under these conditions natural
convection is not expected in the primary reagent je* since Rejc1

2/Gr >>I. (Gr is the Grashof
number for the impinging jet - there may be buoyancy-driven flows away from the jet). Indeed.
flow visualization of the jet using argon seeded with fine titania particles showed no flow
distortions when the susceptor was hot or cold. Standard operating conditions used in our
preliminary experiments are:

T,,: 9(), _1700 K Ar 99%4
P: 0.1 MPa 02 or N20 1%
Reje5: 2WX (nozzle velocity =1 m/s,) Oxidlizer/TiC4s 20/1 to 2WA1

PRELIMINARY RESULTS AND DISCUSSION

The most striking preliminary result we have obtained is that under the abovementioned
reactor conditions, no VPI has been observed for substrate temperatures up to 17(X K in the
TiCl 4/0 2/Ar system. This is very different from Ghoshtagore's experimental results, whlich
indicated VPI at only 1125 K for the same chemical system but under rather different flow
conditions [41. As shown in figure (3). our results for titania deposition front TiCLLa'0 2 in Ar show
a transition from heterogeneous kinetic control to diffusion control at roughly 13WX K with no high
temperature rate fall-off. The relatively temperature insensitive region of our deposition rate data
above 130(0 K approaches the TiCI 4 conivection-diffusion limit calculated assuming local
thermochemical equilibrium at the gas/solid interface and Fick and Soret diffusion through a
va~riable property mnass transfer boundary layer 19. 101.

The absence of VPI in our reactor is consistent with preliminary light scattering
experiments in which a 10mW He-Ne laser was used to prtoduce a 12 mm laser sheet which was
passed through the reactor between the nozzle exit and the substrate planes. Visual inspection
revealed a particle-free primary jet impinging on the substrate at all temperaturest . The results of
our basic reacting film theory are also not inconsistent with our experimnental results when rate
calculations are made using heterogeneous kinetic parameters from Ghoshtagore 141 and
homogeneous kinetic parameters from a recent independent (isothermal flow reactor) study of
global TiCI4 oxidation kinetics II111 as can be seen in figure (3). However, reacting film theory
deposition rate calculations using these kinetic parameters and the approximate flow conditions in
Ghoshtagore's experiments do not show a fall-off in deposition rate due to VPI until 21WX K (off
scale on figure 3). and then it very gradual. In order to explain Ghoshtagore's observed VPI at
1125 K using our basic theory. it would be necessary to assume a homnoeeneous activation energy

P larticles were seen in the corners of the reactor where the reagent gases recirculate, but a negligible
fraction of these gases can reach the subsrrate.
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of roughly 345 kJ/mole as opposed to the published 8t9 U/mole. Furthermore, using the high
activation energy estimated in this way from Ghoshtagore's data. our basic theory would predict
VPI at only 13(X) K under our reactor conditions, which was not observed. The.w inconsistencies
have not yet been resolved. To do so may require a more sophisticated treatment of homogenecus
chemical reactions than is now incorporated in our theor: However, there are uncertainties in the
transport conditions in Gi oshtagore's experiments, including the possibility for buoyancy-driven
recirculation around his leposition substrate, Recall that in our experiments no particles are
observed in the primary reagent jet. but they are plainly visible in recirculating zones in the reactor.
Trace water contamination in Ghoshtagore's (or our) experiments may also contribute to the
discrepancy in VPI conditions.

Avoiding VPI would be good news if our goal was simply to produce high quality TiO 2
films, but our goal is to study VPI and its sensitivity to reactor operating parameters. To fo.... PI
to occur at lower temperatures in our jet impingement reactor we I "re tried halving the total gas
flow rate (i.e. doubling the reagent residence time in the thermal b mndary layer), but this did not
yield a clear VPI. Increasing the 02 partial pressure from _XMI to .1 MPa (as in the Ghoshtagore
experiments) had no measurable effect on deposition rates at 15tX) K (with O291iC04 always > 301).
Another approach we considered was using N20 as an oxidizer, since N2 0 begins to dissociate to
N2 and atomic O at roughly 13IX) - 14MX) K under our standard operating conditions (residence time
in thermal boundary layer = 17 ins). 0 atom attack of TiCI4(g) should be much faster than O'
attack, and should lower the VPI temperature 1121. Preliminary experiments for N2t()iC14 = 20.
40, and 20X) have not yet given conclusive evidence of VP1 at accessible surface temperatures. but
still higher N20 concentrations may finally give the anticipated effects. Future experiments may
also include more reactive metal sources and organometallics known to react in the gas phase at
lower temperatures 131.

CONCLUSIONS AND FUTURF WORK

While we have not yet been able to observe TiCI. vapor phase ignition in our impinging jet
reactor (fig. 2), we are confident that our basic model of high activation energ) reacting gas films
will prove to be useful for many CVD applications once the theory has been experimentally verified
for some prototypical chemical system. The most obvious reason for our diffi.ulty in achieving
VP) below 17(X) K in our reactor at atmospheric pressure is the very short reagent residence time in
the thermal boundary layer adjacent to the substrate. The sensitivity of the systemn to trace amounts
of water has not yet been determined by experiments with controlled water addition.

We must also acknowledge that the current version of our theory is unable to reconcile
recent isothermal flow reactor data on global homogeneous TiCla oxidation kinetics I II1 with the
deposition rate data of Ghoshtagore - nor are the homogeneous oxidation kinetics estimated using
the present theory and Ghoshtagore's CVD rate data consistent with our own preliminary
deposition experiments. However. it would be premature: io conclude that a,;y useful theory for
VP! in CVD reactors requires a more complex description of the relevant homogeneous reaction
kinetics. Other more straight-forward enhancements to the basic theory under consideration are
treating real viscous flow. as opposed to an equivalent stagnant gas film (including Stefan flow for
non-dilute systems). attd accounting for variable thermophysical properties.

Once our high activation energy reacting gas film theory. with ar" necessart mnodifications,
is experimentally verified it will provide rational criteria to reactor designers and process engineers
on how to achieve the maximum possible deposition rates while still avoiýing VPI and diffusional
limitations. Coupling the prediction of VPI onset conditions with serni-entpirical correlations of
deposit microstructures in the vicinity of VPI will then help find the operating conditions needed to
produce films of desired microstructure at the maximum rate.
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ABSTRACT

Particle-enhanced chemical vapor deposition (PECVD) is capable of producing
ceramic films at high deposition rates. A mathematical model of the particle-vapor
codeposition process has been developed and has been applied to PECVD processes to
predict deposition rate enhancements and deposit properties.

I. INTRODUCTION

Recently, substantial increases in the rate of chemical vapor deposition of TiO 2 ,
ZrO 2 , and AIN have been reported by introducing particles into the CVD process 11,21.
Improvements in AIN deposition rates of up to two orders of magnitude have been obtained
with this technique. In general, particles may be introduced in the form of an aerosol,
generated in situ by a controlled nmount of gas-to-particle conversion (homogeneous
nucleation), or in the form of an entrained powder, independently charged to the reactor 131.
In this article, processes in which the rate of CVD is enhanced by the codeposition of
particles, achieved either by seeding the gas phase or by in situ aerosol formation, will be
referred to generically as "Particle-Enhanced Chemical Vapor Deposition" or PECVD
processes.

The structure of deposits formed by this technique is depicted in Figure 1. It is
believed [1] that reactions of gas-phase species occur on the enhanced surface area of a
porous region at the interface between the growing deposit and the gas phase. There is a
close relation between this process and chemical vapor infiltration (CVI) processes 141, in
which porous bodies (formed, for example, from compressed powders) are densified by
internal CVD growth, the difference being that in PECVD the porous body is formed
gradually with CVI-type densification occurring simultaneously in a restricted region at the
porous interface of the growing deposit.

In the existing literature there have been numerous studies of particle deposition
and of vapor deposition processes and their applications. There hrs not, however, to the
authors knowledge, been a theoretical treatment of the particle-vapor codeposition process
and, as a -esult, the factors determining the growth rate and properties of such deposits are
not well established. In the present article, a random sphere formulation is developed and
used in a unified treatment of both PECVD subprocesses: particle deposition and
densification of porous media by vapor deposition.

II. SUMMARY OF THE RASSPVDN MODEL DEVELOPMENT

In this section, the development of the "Random Sphere Model of Simultaneous
Particle and 'Vapor Deposition" or "RASSPVDN" is summarized. The complete
development can be found elsewhere 151. The model considers the local particle-vapor
codeposition process. isolated from processes occurring prior to deposition, such a's
nucleation and growth of weed particles in the gas phase (which are highly system-
specific). Seed particles, which are assumed to be spheres of radius Rp, approach the
growing film and deposit in the porous interface at a rate F, (particles/cm 2 -sec). At the
same time, vapor deposition occurs on all exposed surfaces at a uniform rate, G (Im/nmin).

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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Formulated in this way, the model describes CVD processes whose rates are limited by
surface chemical kinetics. The volumetric deposition rate can be defined as dV,/dt, where V,
(cm 3/cm 2 ) is the total solid volume in the deposit normalized by area of the bare substrate.
There are two contributions to the deposition rate, the first being vapor deposition on the
enhanced surface area at a rate (A/AO)G, where A is the total surface area of the deposit,
and the second the direct addition of solid volume through seed particle deposition
Fo(4/3)7rRp3 . The total volumetric deposition rate is then given by

dV - (AIAo)G I Fo.44 rR (I)
d3

The deposition rate enhancement is defined as the volumetric deposition rate dVIdt
divided by G, the volumetric deposition rate for vapor deposition (CVD) in the absence of
particles. In order to solve Equation 1, an accurate description of the complex geometry of
the porous deposit is required to relate the amount of internal surface area to the process
parameters Fo, R G, and the deposition time, t. A mean-field approach is adopted here
that allows a unified treatment of both ballistic particle deposition and the densification of
porous media by vapor deposition.

The Random sphere formutadont; Gavalas [61 has treated the growth and coalescence of
cylindrical pores during carbon gasification by a random capillary model. In a similar
fashion, the growing film can be considered to consist of the original substrate surface plus
the collection of all seed particles (assumed to be spheres), which have grown steadily by
surface growth from the vapor phase since the time of their deposition (see Figure I).
These enlarged spheres overlap with their neighbors, producing a complex, three-
dimensional porous body, whose geometry is completely determined if the sizes of all the
spheres and the locations of their centers are specified.

Figure 1. The particle-vapor codeposition process.
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It is assumed that the sphere centers are distributed randomly in space with a mean
number density per unit volume rdr, which is dependent upon height, z above the substrate
and upon deposition time, t. Since simultaneous deposition and growth lead to a deposit
comprising, at any instant, spheres of many different sizes, ywill be a function of both z and
r, the sphere radius. The problem is thus reduced to finding the evolution of the distribution
y(r,z) with time and deriving expressions for the deposit properties of interest from y(r,z) at
any instant. We seek an expression for Vs(Ze), the solid volume fraction of the deposit at a
height, Ze, above the substrate. To calculate Vs(Ze) or, equivalently, 1 - O(Ze), consider a
random volume element at height Ze. The solid volume fraction in the plane at Ze is equal to
the probability, P, that this volume element lies within the domain of one or more of the
growing spheres that constitute the deposit. If the probability is dPs that the volume
element at Z. lies within the volume of a single given sphere, then by the properties of the
Poisson distribution, the probability that the element lies within none of the spheres is

I - P(ZI)= (f dPs) (2)

where the individual probabilities have been integrated over all spheres. Performing this
integration over three spatial dimensions and across the spectrum of particle sizes present
in the deposit yields an expression for the porosity or solid volume fraction at distance Ze
from the substrate:

=I - (Z) -[ f y(r,z)ýr2- (Ze- z)2) drdz (

Equation 3 is the fundamental equation describing the geometry of the porous
deposit. The total surface area of the deposit can now be obtained b, considering a
differential amount of film growth on existing spheres:

A/A =1& ~ (for F,, = 0) (4)

G di

where Vt is the total solid volume in the deposit, obtained by integrating V3 (Equation 3)
over all z. Both A/AO (cm 2/cm 2 ) and V1 (cm3/cm 2 ) are normalized by the area of the bare
substrate A0.

Surface growth by vapor deposition7 Deposition from the gas phase also affects the
distribution y(r,z). In the absence of diffusion limitations, there will be uniform growth on
all exposed surfaces by vapor deposition (G ýmnVmin), resulting in a steady increase in the
radius of all particles and shifting the distribution y(r,z) toward larger particle sizes:

a y(r ,z ) = y (r ,z ) G( 5
a)t car

Simultaneously, a flat deposit grows on the original substrate surface by vapor deposition
at a uniform rate, G (rn/min).
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Particle Deposiion: The mechanism of panticle deposition determines the nature of the
porous interface, which in turn determines the PECVD growth rate. Two important particle
deposition mechanisms will be considered: 1. deposition at unity sticking coefficient.
Surface forces are dominant in this mechanism and particles are brought to rest at the point
of first impact with any surface in the interfacial region of the growing deposit, and 2.
gravitational settling. In this mechanism surface forces between the particles and the
deposit are negligible in comparison to gravitational or inertial forces and seed particles
may undergo multiple interactions with solid surfaces, coming to rest only at positions in
the bed, at which further downward motion is impossible. The first deposition mechanism
produces loose particle packings with low particle volume fraction, while the second
produces dense packings with particle volume fractions that can exceed 50%. Which
deposition mechanism is applicable in a given case is a function of the particle properties,
chiefly size, density, surface roughness, or the presence of small amounts of a liquid phase.
Any combination of large particles, high density, or smooth dry surfaces tends to promote
deposition by gravitational settling. A detailed description of orthogonal ballistic deposition
with unity sticking coefficient is obtained from within the random sphere formulation, as
described by Hurt and Allendorf, 151. The complex process of gravits::i.enal settling, in
contrast, is treated using an empirical relation that mimics random particle packing.

III. RESULTS

From a nondimensionalization of the complete set of model equations, it becomes
clear that the evolution of deposit properties in dimensionless time, x = t G]Rp, is a function
only of the one parameter FoRp3 /G. A FORTRAN code has been developed to solve the
model equations and the numerical results are presented below,

There are two components to the deposition rate enhancement: 1) the enhancement
of the surface area for vapor deposition and 2) the direct deposition of solid contained in the
seed particles. At time = 0, the substrate surface is bare and A/Ao is unity for all values of
F0 Rp 3/G. As particles deposit, the porous interface develops and A/Ao rises, eventually
reaching an asymptotic value corresponding to the establishment of a self-preserving
interface. A steady-state condition has been achieved with respect to the interface
structure and the film growth rate. The growth rate enhancement in this steady-state
condition is plotted in Figure 2, along with the seed particle volume fraction in the steady-
stcte deposit, as a function of the dimensionless parameter FoRp3 /G. Rate enhancements
remain less than a factor of two up to a dimensionless particle deposition rate (FoR, 3 /G) of
0.01, thereafter increasing rapidly with increasing FoRp3 IG. Deposition with unity sticking
coefficient gives higher surface area enhancements by factors of up to 8. The seed particle
volume fraction increases with FORP3 1G to a steady-state value, which depends on the
deposition mechanism. The limiting seed particle volume fraction is equivalent to the solid
volume fraction in a bed of particles, deposited in the absence of vapor deposition: 0.65 for
gravitational settling, approximately 0.1 for deposition at unity sticking coefficient. This
asymptote indicates that high PECVD rates are theoretically possible (with rate
enhancements over two orders of magnitude), while maintaining relatively low seed particle
volume fractions (ca. 10% for deposition at unity stuck;-, coefficient).

Steady-state, self-preserving profiles of the solid volume fraction at the interface
are plotted in Figure 3 for deposition at unity sticking coefficient at various values of
FOR ,3/G. Increasing FoRp3/G increases the width of the interfacial region.
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Figure 2. PECVD rate enhancement factor and seed particle volume fraction
at steady-state vs. FORp 3IG. Dashed lines: deposition by gravitational
settling; dotted lines: deposition with unity sticking coefficient.
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IV. DISCUSSION

Results of the model illustrate that particle-vapor codeposition produces deposits
having characteristic physical features, consisting of a fully dense region and a porous
region at the gas/deposit interface. The model predicts the existence of a unique, direct
relationship between the growth rate enhancement in the kinetically controlled regime and
the single dimensionless parameter FoR, 3 1G. The extent of the rate enhancement at a
given value of FoRp3 /G is a function of the particle deposition mechanism, which in turn is
dependent on the surface properties of the materials involved. Under most conditions, the
enhanced surface area is primarily responsible for the growth rate enhancement, the
contribution of the seed particles being much smaller. Seed particle volume fractions are
predicted to increase with increasing rate enhancement up to an asymptotic value that is
dependent on the deposition mechanism. It is, therefore, theoretically possible to achieve
high rate enhancements while maintaining relatively low seed particle fractions in the final
deposit. The use of very fine particles, in particular, which deposit with sticking coefficients
near unity should limit the volume fraction of seed material required to approximately 10%.

The RASSPVDN model provides a number of other valuable predictions regarding
the role of seed particle size. First, the model results indicate that the steady-state rate
enhancement depends only upon the dimensionless parameter FoRp3/G or, for a given vapor
deposition (CVD) rate, only upon the rate of addition of particle volume, Fo(4/3)NrRP3 . The
steady state rate enhancement is therefore independent of particle size at constant mass or
volumetric particle feed rate and constant deposition mechanism. In practice, large changes
in particle size will often be accompanied by a shift in the deposition mechanism, leading to
a more complex dependence on size overall. The model also predicts that high rate
enhancements will be accompanied by porous interfacial zones of significant thickness,
which could lead to rough and friable surfaces of PECVD deposits. Improved surface
properties may be obtained by densifying the interface by CVD (in the absence of particles)
at the end of the coating process. The time required for "post-densification" can, according
to the model, be a significant fraction of the total production time. Since the densification
time scales as r - GIR., the time required for post-densification of the porous interface
(using CVD in the absence of particles) can be reduced by the use of finer particles.

In the kinetically controlled regime, arbitrarily large rate enhancements are possible
by operating at very high dimensionless particle deposition rates F0 R 3 /G. In practice, the
finite rate of transport or of homogeneous gas-phase reactions may limit the rate at -' :-h
fully dense material can be deposited. Transport limitations may arise from the bulk g.. to
the deposit edge, or within the porous interfacial zone in the deposit itself. Diffusion
limitations within the interface will reduce the concentration of the reactive species and thus
the densification rate at points far from the deposit surface, resulting in porous, friable, low-
quality coatings. Scaling laws derived from the model indicate that the use of high reactant
concentration and/or small particle size will promote efficient mass transfer through the
interface and the production of fully dense material at high growth rates. It is hoped that the
model results presented here will guide the development of PECVD processes into
parameter ranges producing high-quality material at high deposition rates.
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ABSTRACT

A two-dimensional finite element model was developed to study the step
coverage of submicron trenches with arbitrary shape under chemical vapor deposition
processes. Parameters that characterize the step coverage were found to be the surface
Damkohler number, ratio of diffusion coefficients inside and outside of the trench, and
aspect ratio of the trench geometry. Efforts were concentrated on studying the step
coverage of SiO 2 film deposited from SiH 4/0 2 precursors within rectangular shape
trenches. The model predictions were found to be in good agreement with reported
experimental results.

INTRODUCTION

Although chemical vapor deposition processes (CVD) are known to have better
film conformity than those of physical vapor deposition processes (PVD), as aspect
ratio (width/depth) of the trenches becomes smaller, conformity of the deposition
materials may be lost, resulting in creation of voids inside the trenches. This problem
is known as the step coverage problem- Poor step coverage leads to non-planar
surfaces and thus non-uniform electrical resistance. Poor step coverage also leads to
significant problems in lithographic processes.

Some efforts have been spent in analyzing the deposition profiles of the CVD
processes inside the trenches using the fundamental Boltzmann equations. Due to the
difficulties associated with obtaining numerical solutions of the Boltzmann equations
directly, simulation techniques, such as Monte Carlo Simulations, have been widely
used to obtain solutions of the Boltzmann equations statistically U1-21. Although
Monte Carlo simulations were successful in simulating the film step coverage of the
CVD processes, they suffer from expensive computational costs [3].

In 1939, Thiele (41 proposed a one-dimensional (I-D) model for simulating
simultaneous diffusion and chemical reactions in a single pore. This 1-D model was
recently used by McConica et al. (1990) [5i to study the step coverage of CVD
tungsten process in cylindrical contact holes. Using this 1-D model, McConica et al.
[5] obtained qualitative agreements between the model's predictions and experimental
results.

In general, l-D step coverage models require lumping the trench geometry and,
thus, necessitate the assumption that the film thickness is uniform over the bottom of
the trench. Furthermore, the film thickness at the entrance side wall is also assumed
to be identical with the film thickness along the flat surface adjacent to the trench
mouth in these I-D models. In other words, obtaining quantitative predictions of film
thickness profiles over the trench surface is very difficult using these I-D models [6-7].
A two-dimensional (2-D) model would alleviate the problem of geometric lumping for
simulating the film step coverage.

In this paper, a 2-D diffusion-reaction model was developed to study the step
coverage of the CVD processes within submicron trenches or contact holes.
Parameters that control the step coverage were obtained through the dimensional
analysis of the governing equations and boundary conditions. A Fortran programming
code based on nonlinear finite element method (FEM) was then developed to simulate
the processes.

Mat. Res, Soc. Symp. Proc. Vol- 250. 1992 Materials Research Society
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This step coverage finite element model can also be used to study the chemical
vapor infiltration (CVI) process within the fibrous preform

THEORY

Consider either a long rectangular trench of width W and depth L or a cylindrical
tube of radius R and depth L as an idealized model of a via cut into the surface of a
patterned wafer. Uniform deposition thickness within the trench is obtained if
concentration of the reactive species is uniform around the trench geometry.

The following assumptions were made in order to model the step coverage
problem for the chemical vppor deposition processes (CVD,.

1. In order to calculate the concentration pattern along the flat surface adjacent
to the trench mouth, the shaded area, as shown in Fig I. is selected as domain for the
analysis of the diffusion-reaction process. Because the size of the domain is much
smaller as compared to the size of the boundary layer adjacent to the surface of the
wafer, it is assumed that the domain is located inside the boundary layer. Therefore
the convection flow of the gas inside the domain is neglected.

2. The diffusion constants either inside or outside the trench can be calcuilated
as, I/I) = 1/D,,,0 1 + I/Dk, where D,,l and Dk are the diffusion coefficients for the
molecular and Knudsen diffusion respectively f8l. The diffusion constants of the gas
species outside the trench is assumed to be independent of the trench geometry.

3. The dominant chemical reaction inside the domain is the sticking of one major
reactive species onto the substrate surface.

4. The geometry change of the trench due to the film deposition is neglected.

__ . , i . .

Fig.l. Illustrations of the domain and associated boundaries
considered in the finite element modeling.

Analysis of the step coverage problem

With the coordinates depicted in Fig. l, the concentration of the reactive species
within the domain can be analyzed by solving the following diffusion equation,

Rectangular Coordinates

a 2C a2C

DtiZ2+- (Ia)Cylindrical Coordinates
a ROC ) C ,=

f(-R-jR-( r- + 0 I7 (1h(

where Dt and C are the diffusion coefficient (cm2/sec) and molar concentration
(nioles/cml) of the reactive sccies respectively.
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In order to obtain the concentration distribution of the reactive species over the
entire domain, conditions of the species along the boundaries of the domain must be
speci fied.

Symmetric condition is specified along the boundaries one and three. Along the
boundary two, the assumption that the rate of mass transfer at the surface is equal to
the rate of surface reaction is used. Along the boundary four, the concentration of the
reactive species is assumed to be constant. The value of this constant (C;,) can be
determined from the information of the deposition rate on the flat surface adjacent to
the trench mouth. For a first order chemical reaction, the value of this constant will
not affect the step coverage of the trenches.

FINITE ELEMENT MODELING

First, the following group of parameters were used to non-dimensionalize the
governing equation and boundary conditions of the step coverage problem,

X/L = X-, R/L = R-, Z/L = Z-, C/Cu, = C', DJDr = D,"

where D- is the diffusion coefficient of the reactive species outuide the trench. This
constant D, is independent of the trench geometry.

Then, the finite element formulations of the problem were obtained by
multiplying the diffusion equation, (la) or (1b), with the weighting function, P(X,Z)
or T(R,Z), and integrating over the entire domain [91. After implementing the natural
boundary conditions along boundaries one, two, and three into the FEM model, the
finite element formulations of the problem were obtained. The star srmbol was
dropped in the subsequent expressions for clarity.

n = V' (2a)
(ýIK C F (a

where

KO (9N ON +N-.• - @ dYdZ + DamN Njds

F 0 (2b)

with
D" = 1.0, for elements located outside the trench
D" = Dt/Do, for elements located inside the trench
Y" = 1.0, and Y = X for rectangular coordinates
Y" = R, and Y R for cylindrical coordinates
Dam ý KL/Dt Surface Damkohler Number,
where K, is the rate constant (cm/sec)

Four-node linear rectangular elements, as shown in Fig.2, were used to discretize
the domain. Fortran programming codes "FEM2D", included in the appendix of
reference [9[ were modified to solve the finite element formulations above.

Three parameters, that is, surface Damkohler number (Dam), ratio of the
diffusion constants (Dt/Dt), and aspect ratio (W/L or R/L) of the trench, were found
to characterize tn this step coverage finite element model.
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Fig.2 Illustrations of a typical four-node rectangular element
and one of its interpolation functions

RESULTS AND DISCUSSION

SiO, film deposited from SiI 1 /!O, precursors

Kawahara et al. (1991) studied the step coverage of SiO 2 film deposited from
SiH 4/( 2 precursors with trenches of 2.5 gm depth and 0.5 to 2.5 gim width ý101. Step
coverage of the trenches was measured for the deposition temperatures of 450' K,
520' K, 580' K, and 640' K. The sticking coefficient of the reactive species within this
temperature range is around 0.05 to 0.70 as reported bv the same authors.

Parameters used in the finite element analysis of this problem are presented in
Table 1. The experimental results are well simulated by the proposed FEM model, as
shown in Fig.3. Predictions from FEM model are also compatible tu those from Monte
Carlo simulations [10].

Fig.3. Step coverage dependence on the trench aspect ratio
and deposition temperature for SiO 2 thin films deposited

from SIH4 /O2 precursors.

Parametric study of the FEM step coverage model

Fig.4 and Fig.5 present the dependence of the step coverage upon the three
parameters with the following combinations,
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Table I Simulation parameters for the Siffl1/0- LPCVE. ')recess

D, / 1),
T (L-OE-2)

K D am 0.2 0.4 0.6 0.8 1 2 1.6 2.0 10

450 0,034 1.6 2.4 2.8 3.1 3.6 3.9 4.1 4.S

520 0.015 1.3 2.0 2.3 2.6 3.0 3.2 3. 4 4.0

581) .0045 1.2 1.7 2.0 2.3 2.6 2.8 3.0 3.5

6-40 .002o 1.0 1.15 1.8 2.0 2.3 2.5 2.6 3-1

W/L =0. 1, 0.5, 1. 0' 1o. 0
D/ =0.001 or 0.01 when the aspect ratio of the trench is 0.1

Dam 0.0001, 0,0005, 0.001

For the CVD processes with large value of diffusion constant ratio M.D,!D
0.1,as shown in Fig. 4, the step coverage is insensitive to the surface DanikJobler

numnber and the aspect ratio of the trench if the aspect ratio is above a critical value.
This critical value is about 1.0 for the simulation conditions used above. Belo)w the
critical vaitue, the step coverage is significantly afrected by the trench aIspect ratio

For the CVD processes with small vaflue of diffusion constant ratio IDI D,.
001.as shown in Fig.5, changes of the stop coverage with respect to the surfa,.e

D arrukohier number are significant for all values I., trench aspect ratios.

Fig.'I. Parametric study of the step coveýrage dependence uoen
the surface Danikohler number, trench aspect ratio, and ratio of

diffusion coefficients inside anid o itside (/ the trench.
Dtf/lý s 0.01 for W/L=0.1 in this stady.

('.NC A L US 101;S

A '2-I) nonlinear fi nit, Jk:mert niiidel, which imulates simit Itaricous (ibffrsion
:ind surface reauion procýossing over the trench ge'.motry, ha" boon .siccessfiuil v

v;o.l o)Ped to stuidyv the stie p coverage for trenches with .;varb ra .c d .
agreeIn ent between t1 i experimrestal res i t s of Si102 thin fi ii-.s do posited fromi thi'

Sil/2p recu rsors andl the meilel s prediict ioeqs was foiunrd. TI'he nurmerical resuilts ark,
;L-)sic, lrS to tho soel otairind li Moente Carlo inii"'iwhbiich generailly rNijo ir

nour( icorn litatioinal time and cost.
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PYROLYTIC CARBON D)EPOSITION ON GRAPHIITIC SURFAC'ES

Ismail M. K. Ismail
University of Dayton Research Institute
c/o Phillips Laboratory/ RKIPC, Edwards Air Force lias, CA 93523-5(XX)0 ( SA

A BST RACT

The present study outlines the importance of carbon active sites in controlling thle
kinetics of pyrolytic carbon depsition on a graphitiz.ed pitch fiber at 10250(C. Blockage of
active sites with chernisorbed hydrogen retards deposition rates substantially. Rcniossal of the
cltemisorbed hydrogen from the occupied sites raises deposition rates to t0w iorrtilo values.
noted on a fresh "clean" surface. The effect of surface activation prior to depositon i.

discussed. Activating the surface generates additional active sites and tnae.he rxitcs
H-owever, not all tie newly developed sites contribute ito the Kinetics, After the deposition of the
first car-bon layer, a fraction of those newly developed sites is instanltaneously blocked and does
nlot further contribute to subsequent deposition- TIhe remain ing fraction, along with the original
sites available before activation, keeps replicating during the I-remaining coursec of depositio.,.
That is. the disappearance of one active site after carbon deposition is associated with the
genieration of at new site. This trend continues up to the dleposition of R~) carbon layers.

I NTRODUIiCT ION

The chemical vapor deposition (CVI)) o1 pyrolytic carbon (pyro c) oin caiN~l ton suhraltes
is an important pr)cess for fabricating carbon composites which1 are used In mnany aerospace
applications. The CVD process has two main advantages- First, by changing the expel~ imntcnal
deposition conditions, one can obtain carbo-n composite., haiving, ;I wide spectrum of pooperties.
Second, compared to other methods used for fabricating carbon comnposites,, such Is, coaltl;ir or
pitch impregnation, CVI) is simpler, eleaner, and less expensive- InI addition, it tak-cs place in
one step which operates at lower temperatures, and pressure,; than the othelir iiiduqtnal pro'cess
that arc currently involved in fabricating carbon composites,

Extensive studies onl the CVI) of pyro c Itave appcared in the li~croii utc. iitclhillI, tlie
structure and properties of deposits II1-41, the relatitons hctssccn deposit pripctiic> ted
processing conditions 13,41. the k inet ics and tmechanismn of de pos in 11,3,5,01. and the
characteristics of deposits 11,.3,5,7-91. The kiinetics of depiosition depends onl the type of
substrate, provided that other experimental parameters are fi \ed I1111. For esiample. at 10125-C
and I atmn, the kinetics under a flow of 10% CI 1, In Ar was not the samec for all sultst rates I 1 (11
The results indicated that at least four categories of different substrates are prissihle non porous
carbons with small surface areas, rticroporous carbons with) large iiiterim~l surface areas,, non-
porous carbons with large external surface areas,, and activated carhons with considerablie
external and internal surface areas 110lj. Thus, the total surfalce area (TSA) of sutnstraitcs pitte-ý d
a major role itt CVI) kitietics. The importance of carbon ac:tive siirf,tce area (ASA) ito CI)
kinetics, however, was boriely outl ined, and it was speiculm. ed thiat the depositon St atif oni
carbon active sites. This witssiippttried by the results of proltyleite pyrolysis ont Ilic actzive Susit
if a graph itiz'ed catrbon black it11,1 21. At 600( SW(7r an i0,(101 2 'iTorr oi rt i ag prc- 'ine t ie

carbo~n deposit replicated the origmi il active siirfacc area of thr subsi rate doII-n t i in,,- (1,soIt nt of
thle first few layers II111 It was Clearly ascerained that thils t' vi tittl e osito rc,tctiowr.
tinder those experittenital coniditions were only occurring oit thec caltbonl ak~lctvsie 1 121,

Mat. Res Soc. Symp Proc. Vol, 250, 199? Materials Riesearch Soclely
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In the present article, the study focuses on one substrate; a graphitize(] pitk h bascd
carbon fiber subjected to different surface treatments prior to pyro c deposition. The trceiments
either enhanced the active surface arca or blocked it and, as a result, the deposition kinctics
changed considerably. The objective of tlhis work is to address tire importance of active sittes to
the CVD process, and to illustrate that regardless oif the nuntuiber of pyro c layers deposited on
the surface, certain types of thle starting sites keep) replicating. lDisappfcarancc of onie wie during
deposition is concurrently associated with the gcnerý.ioiou of a new active site.

EXPERIMENTAL

A graphitized unsii'.cd pitch carbon fiber (VSII -32). manufactured by Amoco
Performance products was used in this study. The fiber had a low level of nmetallic iltupuritics.
ain active surface area of 0.021) ning. a TSA of 0.54 tss/g, and a geometiric arcet of (0. 1 m2/g
The fiber diameter was 10.5 nom and its density was 2.02-2.1 1 glee.

Thle CVD experitments were executed using two different apparatus. '[hIe dcpo.it ion
was performed in a thermogravimectric analyzcr (['GA) connected to a high acoutri %N'sicmn. A
known weight of the fiber (-40 ing) was Stispended Ott the balantce beam, tile system was
evacurated to 10 -5 Torr. backfilled with Ar to ambient pressure. heated ito 1025`17 in Ar flowing
at 150 -c/mill, and finally held under those conditions for 1 1t. Unless otherwise specified. a
tolixture of 10)% C114 in Ar was passed over the sample; the increase in fiber weight was
monitored with time for 15 h. In sonie experiments prior to deptosition, thle fibewr wsas subjected
first to a specific treatment which will be outlined in the test.

The vol unietric systemi
displayed in Figure I served three V1i1.1.1 I'Mil V111 V.
purposes: to investigate deposition
kinectics uinder static conditions at .'; 4 JL 1
suhanibient pressures; to deposit a pre- iluiN

"Alit(Ucalculated exact number of pyro c layers -+1inj
(1 -60 layers) vil the su bstrate: and to i I
measure the active surface areca of thle

samples before and after pyro c ~ NVI WARlt
deposition. Details on mieasuirements of "L-
active surface area have been outlined w oE I- _

elsewhere 1131. In the case of (~h~ti

successive deposition of pyro c layers,
the fiber samples were evacuated ait Fig I: Static reactor used 1or CVI) and ASA mevasurcmcoiý
1000"'C for 2 h and a pre-calenlated
dose of pure Cl-I4 was itijected itnto tile reactor. The change in systemu pressure i,ýas ntonitored
with timne tintil the required number of carbon layers dleposited, The excess gas was pumped
away and an active surface area measuremsent, uising 02 it( 350'C, was made.

RESULTS AND DISCUSSION

Figure 2 illustrates the effect of surface activation onl CVI) tates as. micasured by the
'IGA tinder a flow of 30% CH.1 in Ar. The relationship betweeni weight raitn ((Iue to pyro- C
teleo~it on) and ex posure titme was linear, and( the slopc of each line gaive thle average hejio ist ion
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rate (mng pyro cig fiber. mmi). The bottom line represents deposition on the as-received fiber
when subjected to the normal pretreatmecnt conditions described in the previous section. The
top line was taken onl a sample that had been pre-activated in-situ before the deposition
reaction. While the fib-er was heated isothermally at 450TC, air was admiticd, and the sample
lost weight due to carbon gasification. When 44% level of burn-off (BlO) was achieved, air
w-as interrupted, thc system was Z.I I I
outgasscd, backfilled with Ar, and Cl1 1A
heated to 1025'C. Activating the 17*U17( 1025C

sample in air enhanced the starting Z' 1-
active surface area by a factor of 5 but 1211 .iIwri
hardly increased the TSA 114]. Yet, _ - 2.1"'r "

the CVD rate on the acýtivated sample-
was only twice that oit the original
fiber (2.94 vs 1.52 nig/g.miin). This n' ~A, d,,- VSII-12 hl.,

means that not all the newly developed RA 11-.

active surface area was contributing to I
171 tIM No, U" - V71 ((5 7., Nil

CVD kinetics. Further linecarity was Ti" (In,')
obtained with each sample tip to 120% Figure 2: Effect ott urtfnce actiAtion on (iepositiofl rates.
weight gain for the as-received fiber, or 200171 weight gain for zhc aciivalcd fiber. This
suggests that a fraction of the starting active surface area. which was contributing to1 CVD
kinetics, either remnained unchanged or kept replicating during the course oif deposition.

Retardation of CVD Rates after Blockage of Active Sites

Figure 3 illustrates the change in sample wcight gain as a function of timec after
subjecting the surface to different treatments. Line I represents the reference stlate when ihe is-

received (untreated) fiber was exposed to 10% CII4 in Ar at 1025'C, The plot v, linear and a 39
% weight gain was achieved after 15 Ih exposure When a different mixture with 1 (Yý CII14-
10%7 ,11,'8% Ar was passed over another fresh fiber sample, the rate of deposition was smaller
by nmore than one order of magnitude, and the weight gain was insignificant, as shown by line
11. The presence of I li in the flowing -1

7 707i(4XA,
mixture retarded pyro c deposttion I[,,s

becuseHzcheisIS~ Aln acieie V Al.,-n.s~.
becaise 2 chmisobed n acive itesa V All,, Aand formed C-1l bonds. To confirm VA~I 7774~r7577s.54"*

this, three additional experiments were s *7f

made (lines Ill, IV and V). Another 7

fresh as-received fiber snimple wa~s held '

in Ar at 10250 C and then exposed for
20 h to 112 flowing at 150 cc/mmn. This-
treatmenrt allowed most of the active
sites of the fiber to ehemlisorh ItI atomns.

too M) 77 74 7 CI 717 71 *7 75 71
such that the _ýtivc sites were blocked Fr(~i,

with hydrogen. At the end of the 20 h Fig 3; Deposition of Pyto C on VSB-32 pitch fib'er alt tO25C.
hold, the sample was exposed to the standard m~ixture of 10% CI114 in Ar and line Ill wkas
obtained. It is noted that during the lirst 5 h, there was an induction period, since file weight of
pyro c deposit was insignificant. I wt rate then gradually increased with timec atnd finally (after
1 2 h) attained a contstanit value close to that of line: I, i.e., line I and 1ll finally becanie pairallelI
The induction period noted during the first 5 h is attributed to the: beginning of gradu.dl
desorption of 11, with concurrent liberation of a few original active sites. Bectween 5 and 12 It
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expos~ure, (fe deposition continued at an increasing rare duc to thc continual liberation of

additionail sites. In this region, tile sample was gaining weight due to pyro c depositionr hut
losing weight as a result of hydrogen desorption. Due to the small molecular weight of

hydrogen and larger atomlic weight of carbon, the net result was a weight gain. After 12 h

exposure, most of the effective active sites contributing to thle kinetic., were recos ercd and their

contribution to thle kinetics was stabilized,
Thle next experiment was made to support thisI finding. A new as-receivcd sarripte wast,

exposed to 11, in thle same tnanner as thle previous otte. Thnit after the 20) It hold in If,, air ultra

high pure Arý was passed over the sample replacinig Ar for an additional 2(0 It period. Ihe
sample was finally exposed to the mixture Of 10% C'14 in Ar and line IV was Obtainred, Since
lines I and IV are close, the deposition kinetics ott borth samples were prohahly tite saric.

H-owever, line IV had a sl ighitly hiigher slope than I because thle fi her was sl ightlyv act iisair InI

Ar. Analysis of the gas showed that it had traice amtounts of oxygen (< 3pptrr, With iong

exposure to Ar for 2-0 It at 1025LC. thle samlple was aictivated to a small level of horn-off. As

diseaissed in tilte previous sectiont, activating tlte Fiber prior to deposition nh~irtccd tile (AI) rirtC

It was then speculated that thre activation ptrrces s itt Ar could have beeit eii chirated if thi:

desorption step at I1025TC was performred utidcr vacuumt- This Was Coitfironci 11V n(rfi '0illlll g

thle last lirt of this series of e sperinrents. A newk samtple was !-catei in IL IN Ithe saieiroc nan~cr

as thle last otte. I lowevcr. ittstead ofmst seqlretit treating in Ar, tile ;ipll sc \as lieid it! (2h
uttder high vacuumII (better thran 10 'Torr) for 201)1I. 1 lie sample wasI LIl nck,\ lv ii did ss Ii A

ambient pressure and exposed to tie 10%~ Cil 1 in Ar mixture, line V %%"ol~striiull.i Siice liniC

I attd V almost superimpose ott each other. tlte kinetics of depo,,rrirn anid toleoac n tite' In
both caises were identical, lit other words, whether tlte deposition is, nirae mi it I r'-'t llli'c~rtcd

fiber, or on ;sampltrpe whose active sites lire first bloc.ked then regencriutcd. thes ( I r mrs airc

prnctically the samec, providecd that tite fiber surface A;is riot so liected t((igii s.n 1t

Developmnitt of Active Sires by Oxidation
" m -rr--T- T

The population (if active sites at ,,

the surface of the fiber was ernhanced A, I

in two different ssays, by treatment inA
an oxygen plasma or by high
temperature oxidation (lfO)) in air at
600, 700, or 925'C. The plasnia
treatment wris perfornmed using it 4. 1'j-1 1-,......01

Branson/IPC unit (S3000O Series) with
a RF power=100 W and 02 flow rate . -Al- l',.,

of 100 cc/mmi. While Figure 4 (A atid
B) illustrates thme variation of active r-,
surface area with burn-off using the Figure 4: Variation ot ASA s"iih BO hetore and after Psiw C

two treatments, Figure 5 correlates thle depnsution-

term I00xASA/TSA (which is tire % Of surface activei) to hunt-off. Activating thre fiber it) 2>,

BO0 etnhanced the active surface area by a factor of 5 arnd raised thre % of surfai'e actiei frotit 4t6
to -25, regardless of the type of surface treatmient. At higher levels, of hurir-off, thre increase in

active surface area with burn-off was linear with both types, of acetivaitiotn (Figure .1, A and [hV
Yet. at comparable levels of burn-off, the activ-ationi iri pliummi was nin re ctfccliive Itt gcmirmlirttl

a larger tiumber oif active sire,, than I ITO; as showk ni h lines A and 13 in Fi glue 4 It nrwrv be

added that [tic plasma treatment was also more effective tliait I IT(. ill cthar~mcm tire ttal

Sutrface A rea. Thle net res tlt was that lit comrparaible Ieve Is of hiin- off, thle '-T riftirface ýik rise
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with oxygen plasma and iITO was the same as shown in Figure 5: all th': data points
conformed to one plot. Thus, regardless of the lev.I of bum-off achieved above 2 %, or the
method of activation, the maximum % of surface active, which may be utilized in the chemical
vapor deposition process, is constant at - 25.

Reolication of Specific Types of Active Sitic after Active Surface Area DQL)cjtion

When the first layer of pyro c deposited on the surface, a fraction of original activ e sites was
instantaneously blocked and did not contribute any further to deposition kinetics. For the as-
received fiber and the samples activated by IT1 or in tht plasma, the variation of active
surface area with burn-off after deposition of the fir.,t layer of pyro c conforied to one plot; line
C of Figure 4 which is practically parallel to line B. The drop in active sturfface area from line B,
which belongs to the samples activated by I ITO, to C was constant between burn-off of 2 and
85 %. This means that for a given bLtm-off above 2%. there arc three types of active ;nes: Type
I whose area is given by the original active surface area of the as-received fiber before
activation, Type 11 which is equivalent to the additional (new) active surface area developed up
to 2% BO, and Type Ill which develops above 2% BO. Tile original Type I sites arc
exclusively present at the external surface because the as-ree'cived fiber is nonporous. These
sites kept replicating during the course of deposition.

Next we consider the deposition ---------- r -- ,- ,

of successive pyro c layers. The active 55- ,,-,
surface area of tihe as-received fiber
after deposition of 1, 2, and 85 layers ,.- -

of pyro c were 0.02, 0.02, and 0.04 "
m2/g, respectively. Their average value
is 0.03 m2/g which is equal to the . ^,,
original active surface area of the as- - A .,,,,,,
received fiber. Therefore, the area of A,

the active sites of Type I is . 'cI A-,.•""

approximately 0.03 m2/g. For the " , I
sample activated by 1ITO to 2% BO, ,1,,,,-,rr, A,,
the starting active sutrface area dropped Figure 5: Dependence of percent surface active on hum-oft,
from 0.15 to 0.04 m2/g after deposition of the first layer. The active surlace area then rcniaincJ
constant at 0.04-0.03 n12/g after further deposition of pyro c tip to 62 layers. Similarlv, for the
sample with 9% BO, whose starting active surface area was 0. 18 ti 2/g, the activ, surface area
droppcd to 0.04-0.05 in2/g after deposition of additional pyro c up to 52 layers. Thus, the drop
from line B to C is equivalent, on the average, to 0.12-0.13 nm/g, which is the additional area of
active sites developed at 2% BO. Therefore, with the samples subjected to IITO, the constant
area of Type 11 site.% is approximately 0.12-0.13 rn2/g and is independent of the level of bunt-
off. Hlowever, the area of Type Ill sites, which is the additional active surface area area
dcvclopcd above 2% 110. increases with increasing level of activation.

As for tile samples activated in the oxygen plasota. neither the area of Type I1 nor Type
Ill sites is constant because lines A and C are not parallel. The number of Type 11 and III sites
increases with increasing the level of burn-off This outlines tile main difference between tle
activation by I 1TO or inside the plasma. In spite of this difference, there is some commonality
between the two treatment methods; the active surface area of Type III sites at a given burn-off
is the sante. For example, after 27% 110 in the plasma, the active surface area was, enhanced to
0 243 nt2/g, which is higher than the active surface area developed by I ITO at the same level of
huni off. After the deposition of the first pyro c layer on the sample, the active surfacc arc.a
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dropped to 0.07 m2lg. This value remained constant at 0.08-0.07 m2/g after the deposition of
additional pyro c up to 56 layers. This area represents the combined areas of Type I and III
sites at 27% BO. It is worth adding that with this particular plasma activated sample, thie active
surface area of Type 11 sites is 0. 16-0.17 m2/g. Knowing that after pyro c deposition, the data
points for all the samples activated by both methods conformed to one line, we conclude that
the area of Type IIl sites is only dependent onl level of bum-off but not onl type of trcatment.
The area of Type 11 sites is either constant after activation by jiTro, or increases with) burn-off
after treatment in the plasmra.

SUMMARY AND CONCLUSIONS

1. For pyro c deposition on the surface of tlte graphitized ptch cirlbon fibcr at 1025'C
and under a flow of Cl 14/Ar mixture (ratio I :9). the presence of active sites is needed for the
reaction to proceed. If these sites are blocked, the deposition rate becomes very stirral.

2. Under thle present experimental CVD coniditions, the heterogreneus gas/hsolid reactioii
appears predtominant, the CVI) mieelaitisni onl the graphitized substrate is probably controlled
by collision between reactive gaseous species arid thie active sites (If thre ca;rbon. The
contribution of the gas phase reactions to deposition rates is insignificant at 10l25 0-C.

3. Depending on the method of surface treatment. the fiber stirface has different types
of active sites. The as-received fiber has only Type I sites. The samples activated hy different
methods to different levels of bum-off have Type 11 and III sites, in addition to' lepe I.

4. The area of Type It siles, whi~ch develops at the early stages of activation, depends" on
the miethod of activation and level of burn-off. This area, which is probably located inside
pores, does not contribute to the CVD mechanism after deposition of the first pyro c layer.

5. The active surface area of Type Ill sites is dependent on the level of' burnt-off but
independent of the method of activation. Apparently this area contributes,, along with Type cie
to CVD kinetics.
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SURFACE CHEMISTRY OF FLUORINE-CONTAINING
MOLECULES RELATED TO CVD PROCESS ON SILICON NITRIDE:

SiF4, XeF2, AND t1F"

DUANE A. OUTKA
Sandia National Laboratories. Livermore, CA 94551

ABSTRACT

The reacdvity of several fluorine-containing molecules on a polycrystalline silicon nimdeI
(Si 3 N 4 ) surface is studied under ultrahigh vacuum (UHV) conditions using temperature
programmed desorption (TPD) and Auger electron spectroscopy (AES). The chemisctry of
fluorine on Si3 N4 is of interest in understanding the high temperature chemical vapor deposition
(CVD) of Si3 N4 , which uses SiF 4 as a starting material. XeFi is reacted with a Si3N, surfIce to
prepare and characterize various surface SiF, (I •_ x _• 3) species, These are identiiied by the
chemical shift induced by the fluorine atoms in the Si (LMM) Auger peak and by changoe i'n the
TPD. Of these species, SiF 2 is stable to the highest temperature. SiF2 is also formed bhy the
reaction of SiF4 with a Si 3 N4 . Because SiF2 is so stable, its decomposition is proposed as a
rate-determining step in the CVD deposition of Si 3 N4 from SiF 4 . Gaseous IIF. which is a
product of the CVD process, does not dissociate on Si3 N4 and is therefore unlike]l :to caauc the
etch-like m-arks on the Si3 N4 coating that are observed under certain conditIons.

INTRODUCTION

Silicon nitride (SiN 4 ) is being devwLoped as a high-temperat ure oxidation harrier for
lightweight, carbon-composite parts in turbine engines I l1. Currently, such parts can be coated
in a small-scale CVD reactor from starting materials of silicon tetrafluoride rSil-ai and amnmonia
(NI11). The CVD reaction is conducted at 1700 K and the overall reaction is:

3 SiF 4 (g) + 4 N1l 3 (g) -4 SiNa (s) + 12 F1 It:

The silicon-fluorine chemistry is of particular interest in this CVD process because Si F
is a starting material and the Si-F bond is the strongest bond that must be broken. up to 167 kcai
mol"1 121. This study examines the reactivity of a variety of fluonne-conianing molecules on the
Si3N4 surface in order to gain insight into this CVD process. No previous UHI-V surfat:e studije
involving bulk Si 3 N4 have ben reported.

EXPERIMENTAL

The sample was a polycrystalline ý-Si3N 4 obtained from Allied Signal Aerospace
company. It was 1.3 cm in diameter and 1.5 mm thick, Groves (approx. 0.38 mm sside %%ere
cut into the edge of the sample with a diamond saw in order to hold the sample and
thermocouple. For heating, a 0,3-mm tungsten wire was formed into a flat zig-zag filament and
placed against the back of the sample. This was stiff enough to hold the sample kshen the end,
of the filament were bent to lie in the groves cut into the sample. For temperature measurement.
a chromel-alumel thermocouple (0.125 mm diameter wire) was spot welded to a 0. 125 mm tlick
Ta foil that was folded and pressed into the grove cut into the sample.

The Si 3 N4 sample was cleaned by bombardment with 5 keV argon ions. Then the
sample was heated to 1300 K or higher. Si 3 N4 begins to thermally decompose at these
temperatures, and heating provided a consistent there I treatment and reproxducible Si to N AES
ratio. Si-N3 is an insulator, but AFS could be performed by lowering the priniary beam voltage
to I keV. The Auger spectrum of the clean Si 3 N4 surface is shown in Fig. I.

This work is supported by DARPA and the U. S. Department of F-nergy under contract number
I)E AC04707DP(X789.

Mat. Res. Soc. Symp. Proc. Vol 250. 1992 Materials Research Society
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In the TPD setup, a conical shield was used to suppress interference tromt atoms) :Ittki
miolecules desorbing from sample supports. The heating rate was approxintatels 4,5 C seeý
During TPD, several values of nile (mass to charge ratio) were tliontiorC(1 sirnultaneoutsv
controllingll the mass spectrometer" with a computer.

Figz.I

Auger spec:tra o t.
0-St ;N,. 'The tprinctp''t
elements on the surl .,e v.

7 Si (87 eV) and N
Trace amounts of 0(50)

f-3S~~~i4 

Ar (2 13). and C (22'keL
C also present.

0 100 200 300 400 $00 600
Electron Energy (eV)

XcF2 RESULTS

Although ga-seotus XeF 2 is not involved in the CVD procecss. it is useful in [Ihe studs olt
fluorine chemistry on SinNa because it allows various SiFx (I •ý x •ý 3) surface SPCLIes to heC
prepa~red and their stability studied. XeFi is a fluorinating agent wxhich decomnposes on Si-,N4 to
deposit fluorine, The Xe is desorbed un~der the conditions of exposure and does not 11interere.
The exposure to XeF2 was performed with the gas at -oom temperature and with the set-face
heated to 400 K and above.

Following exposure to XeF,, fluorine was adsorbed on the Si.,Ni surface at Si atn-
Sites as demonstrated by AES and TPD. The fluorine AES peak at 690 eV could not be ohsecý Cd
because of the low primary beami energy of I keV. which was used to mnitt ize ý!II
charging. The presence of fluorine could be inferrd, however, from a shift to higher kincthe
energy of the Si ([NVV) AES peak due to the proximitycof the fluorine atorns (Fg.e) ThlN shif
is due either to the elecoionegativity of the fluorine or surface-induced perturbation of the S1
(LVV) spectrum 131. No such shift was observed in the nitrogen AFS peak, indicating that
fluorine bonds to the surface only via Si. 'The presence Of fluorine on the surfaice was contirmned
by TPD and the desorption of fluorine containing molecules.

The AES spectra indicate the presence of three SiFx (x !S 3I frageitknt StiF ýIntl Sil- at
most apparent at low temperatures, while SiF,_ is most apparent at ho'h ieropcraitiireý,i
there fore is the most stable. Fig, 2 Ohows the Si Al- ' peak as a fitnction ot sourface tenipe ra!tt
during XeF,, exposure. Depending upon exposure conditions, sc'cral Si AI.S peaks m!e
observed from 87 to 96 eV in 3 eV increments. 3he resuilts ire intitrpr-eted hy assumninc that ihW
Si peak shifts 3 eV to higher energy for each adjacent fluorine aoom. For example. the clearr
Si3 .N4 surfacc has a Si peatk at 87 eV. Upon exposure to \eF, ati iteperat ires belos SOO i1K. h
Si peak split-, and shifts to 90 and 9% cV, w hich are tttrtbutitd to Sil- and StFA siirfaIe spec,:eC
respectively. In contraist, exposure to Xel2 ' t temperatures of SOO( Is' ttd above s eclds two Si
pe'aks at 87 and 93 eV. which are attributed to Si3 N4 and SiT2 tc pwisvel%.

These changes in the AlaS tire parailklcld by cha~nges in the 11'I spectra it 0oxte

exposure to XeF2 (Fig. 3). 'The interpretation of the mP) is comiplicated(. howex er. b~aieo
rearrangemenit of ions in the mians spec tromcte r [41 antd becaujse lecottpos tioti )nd
recombintation reactitons may reso It in desorption products thait dillfcr fromt i e oo )tintl uir lace
species. There is evidence for a changeC in 'surfaice composition box 0% 10010 K, boss eve oetc
10001( K the dominant dlesorption produict is SiF`3 t(mlc 85), w~itcl is probably a crackne-
fragmenInt of SiT4 (ni/e 104) 141. The desorptton of SiFa is attributed to the decomposition and



recombination of SiP and SiP 3 surface species to form SiP4, which readiy desorbs. Above
1000 K SiP2 (rn/c = 66) appears as a new desorption product along with SilP1, (rn/c =85) (Fig.
3). The appearance of SiF 2 in the TPD suggests that SiF 2 is present on the surface and that a1
new pathway for removal of fluorine from the surface becomes available, the direct desorption of
SiF 2 . A sig-al for SiP3 (nile =85) is still observed either because the SiP 2 groups undergo
simutianeous rearrangement to form SiNs which desorbs or because of recombhination of SiF 2
with F on the walls of the chamber or in the mass spectrometer ionizer. Nevertheless, the TPD
indicates a change in surface composition at I0(XW K which is consistent with the AFBS reNults'.

Effect of XeF' exposure

500 K temperature on the Si Aueer
line. At temperatures elow0800 K 80)0 K. SiP 3 and Sif; are the

1000 K- pre do m ina nt urfa Ce
species,. At 801.) K in(

a -IClean above, SiF, I, lhe,

/I- predominant ar.
Fn 00,3

at 2 I----

60 70 80 90 100 110 120
Electron Energy (eV)

Fie. 3

C TPD followking espo-surc ol
M SO3 N, to Xel2 SJ~i mne

85) is the maikir
fluorine-containin, produLCt
desorbcd below 10010 K.
This is probably a craickmne
fr-agment of' SifP4. Sri---

cc ~Or*e 66) is observýed as a
SiF new" dlesorption prIOdmiCt

3 ahose I1WO1 K.
0

20 400 600 800 1000 1200 140 0

Temperature (K)

The transit ion to Sii P ccuiTs a,; somewh~itat dIifferent te rnpera t urc s iii AILS inkl TPI).
because the beating time for the two experimients differ. Pmat is. in the AFS Owei~'s h
sample was annealed for several mtinutes at each tetmperature while during I PD the saitlilpe %'Sa
quickly flashted. Thie inmportatnt conclusion from these results, is thaI Sil`-, is theitts ~t~dbk:
surface specie, on Si3 Na.
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SiF 4 RESULTS

SiF4 dissociatively adsorbs on Si3 N4 to deposit Si and F containing species, which can
be identified based upon the XeF2 results. There is no evidence for molecular adsorption of
StFt on Si3N 4 down to surface temperatures of 100 K. Instead, the fluorine that is deposited on
Si 3 N4 by SiF4 is stable to over 1000 K, which indicates that SiF4 dissociates on Si 3 N4 .

Fig. 4 shows the changes in the AES following exposure of Si 3N4 to SiF4 . Again, only
the Si peak is affected, which indicates that the nitrogen is not directly participating in the
bonding of the F to the surface. Following exposure to SiF 4 , the Si peak shifts from 87 CV to
93 eV, which indicates, by comparison to the XeF2 results above, that SiP 2 is the principal
species on the surface. The Si peak also grows with respect to the N peak indicating that Si is
deposited on the surface as well as F. Upon heating to 1500 K, the Si AES peak returns to 87
eV indicating that the fluorine has been removed from the surface.

The removal of fluorine from the Si3N 4 surface is indicated in the TPD by a desorption
peak centered at about 1400 K (Fig. 5). This peak corresponds to the desorption that just begins
to rise at 1000 K in Fig. 3 and is associated with decomposition and desorption of surface Sir 2 .
A simple Arrhenius analysis of this peak, which assumes coverage-independent, first-order
desorption and a pre-exponential factor of I x 10 13 s-t, yields an activation energy of 92 kcal
mol-t . The experiments in Fig 5 were carried to a higher temperature than those in Fig. 3 to
show the entire desorption peak at the expense of burning-out the heater.

The reaction of SiF 4 differs from that of XeF 2 , however, in that only SiF- is formed on
the surface, regardless of temperature. Exposure of Si 3N4 to SiF4 for surface temperatures from
500 to 1000 K yielded only results similar to those shown in Figs. 4 and 5 , ith no e% idence for
SiF or SiF2 formation such as observed with XCF2 above.

S. ... ,- . . F iz 4

Si N Clean SiaN 43 4 3EfL-fect of SjF.4 eXpo,,lir on1
D the Si Auger line.c 11 tonp

spectrum is the cean Si-.N4"SiF Exposed surface. the sccond ix
following exposure to Silba.
and the bottom tý o'l~ in!

Heat to 1500 K heating to 1500 K. SF Is
the principal surface
formed upon exponure to

SSib 4 .

50 75 100 125 150
Electron Energy (eV)

|IF RESULTS

The reaction of I-IF with Si3 N4 is of interest because it is a product of the C(VI) rcdsc:Io
and has been proposed to account for "etch" lines sometimes observed on parts niear the csit of
the reactor. Thercfoic. the adsorption of IIF was examined to determine. h\edler II1: ýýoiud
react with Si3 N4.
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"'7. Fig. 5

TPD following exposure of=3 Si3N 4 surface to SiF,4. The
peak is identified with the
decomposition of SiF--
surface species. DCsorp(;t
of rn/ o e=66 (sho'tv) areJ
of/me=66 (no, show'n; ard

cc both obscrvedi with ,hc
same shape.
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HF does not dissociate on Si3 N4 for S, face temperatures up to 1000 K. lnstead. 'inly
molecular adsorption of HF isobserved on SiiN4 if the surface i5 cooled to 100 K. ttF desorl--
at 150 K in the TPD (Fig. 6). This indicates that HF will not react with St 3N4 under CVD
conditions and is not responsible for etch lines observed on parts coated in the CVI) reaca,or
under certain conditions.

" 'Fig. 6
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0.

, I

120 140 160 180 200

Temperature (K)

DISCUSS(ON

The ý,tidy 'tof fluorine contlaini •g molecules on Si sN. ,.as widertakr t! prI Tie I.
into the high temprcature CVD deposition of SiINa tfrom SiF4 ( Bascd upon these l 1V rc,.UNts.
seVeral predictions can be made about the mechanism of tbe CVD proccss.

The Si-F bond is the strongest hond involved in the CVD reaction, arnid hNcAlkne or tht,
bond is likely to be the rate-determining step of the CVD) process. Despite the strength ot the Si
F bond. the dissociative adsorpt ion of Si [a 011 Si3N 4 proceeds at modest ternper;iures. 500 K-
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Thisý indicates that the dissociative adsorpltion of SiP 4 on Si iN, is no a.icdtrnn c'
the CVD process.

The present results suggest instead that the decomposition of surtace Sit
determinirg step of the CVD process since this is the most stable intermcdis. th* has
observed on Si 3 N4 . SiF2 has an activation energy for dc.;orption of appro' imat'cs 9" k ii!
ntol t1. If decomposition of surface SiF 2 is rate-determining. then the kinetics for t'te (C% 1)
process would be independent of the gas-phase concentrations. because no gas phase 'sceQ, :-
involvz-d in the rate-determining step, This is provided the pressure is not so iou's ,t h-
impingement rate of gases on the surface becomes rate-determining. That is. at low prcs>,uie'.
10 -4 Torr, the CVI) rate will be linear with pressure because it is limited by the imnpingennent raie.
but at higher pressures, the rate will plateau as the decomposition of sturface S *2hc:rv'o-'t:
determining. The CVD is typically performed at 1 Torr and 1700 K, xh ich is lcit:UX~ 0I toV
within the plateau region, assuming a sticking probability of 10-3 and the deso ptiol P~ira`-'-">-
discUSVed (earlier.

Tr:;e adsorption of SiF 4 on Si 3N4 is similar in several respects to the id po- : 01 1K
on silicon. Only two papers have previousl) studied SiP 4 adsoprpton and these :e on o~

61. In both C ases, SiF 4 dissociates at room temperature or below. Ftrthernlore- in the":
Si( Il 110x0) [6], molecular adsorptiion of SiF4 was observ ed only ocloA 91) K, %"ic'.ý1
Consistent with the absence of molecular adsorption onl Si 3N4 at surtface temperaito e of 111 K
and above. Chuang 151 also reports that SiF2 is formed following th~e adsuiption o! ýJ- on i"

uns~pecified silicon surface, which is the satne result observed here on Si-N_ On Siý ir' sý
however, SiF and SiF 3 are the observed dissociation products. This difference 'nl heis :Lr
different experimental conditions. For example, the expetimnents on Sit I I I ' f x7 %c
performed at lowv temperature, 30 K. whereas thle results of C.huang and the re,ýent ons
SiN 4 were performed at 300 K and above. Of course, it m se simiply he the ecase . ' d'it
intermediates are formed on Si3 N4 and on different silicon Surfac'-.e

The reactivity of SiFx groupns observed here on Si3\ also res inble in soznie res,-z.x
the behavior of SiF, on silicon surfaces. In particular, the I1I'D spe trurn ot Fi-'' . i'"' so
SiP'i peaks and a higher temperature SiP 2 peak is quite sutntlar to the I PD obKr., ..... S;
following F atzom exposure [71, The peaks occur a 200- 300 K niieber temper"'c on S:' _
hiowever, indicating that the surface species are moore stable ofi S i;N- It I!Aso :o
note that a Study of XeF2 adsorption ott a sanelyt Of SilteOti SUrtace's at roont temlpcrttue !C111re
that SiP and SiP 3 are the predominant surface species [8], This is the samle result olbsezrced here
following XeF2 exposure below 800 K. The behavior of fluorinc on slitcori at hich;-
tetmperatures, above 800 K, has not been investigated in detail so a con'parisnn of wýhe,,her Sil`,
becomes the predominant Surface species on silicon at high temperature such as occur>T lhere on:

Si3N 4 cannot be made at this time.
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DETERMIN'ATIONO01THlL ROUGHNESS OF (VI) SU.RFA-CES

BY LASER SCATTERING;

MAX KLEIN AND BERNARD GALLOIS

Department of Materials Science and Engineering
Stevens Institute of Technology. Hoboken, NJ 0t70)30

ABSTRACT

A laser scattering apparatus was developed for the determination of surface
roughness and other surface statistical parameters of chemically vapor-deposited coatings.
Visual examination of H-eNe laser scattering patterns reflected from polished sapphire and
CVD titanium nitride surfaces showed a sensitivity to roooliness, differences of mn s of
nanometers. The scattering apparatus was integrated with a cold-wall CVI) reactor. T he
root mean square roughness of silicon carbide deposit' on Nilicoin in the early stages of
growth was determined from the intensity of thle speCcularly reflected beamn. Chances in
roughness and the spatial arrangement of depositing, crystallites "ere monitored in 014u ll
angular rcsolution of the scattered light spectra. Both ecx situ and in situ result,, Nserc in good
agreement with profilometric examinations of the rough surface,_

INTRODUcriON

Ani understanding of the microstructural development of coating, deposited hN
chemical vapor deposition (CVD) is essential to the control of the properties of suchl
coatings. For instance, the steady growth Of Columnar grains typcloveoisfo h
vapor has been shown not to) originate at thle suhstrate/ciiating interface in certain cases of
titanium carbide and titanium nitride growth on vitreous glraphite 11). This phenomenon has
been exploited to grow fine-grained thick coatings [2[. A method for observing chlangees in
the growing surface is desirable to provide the capacity for in-process modification iif thle
deposit and hence, its properties.

Previously, laser light-scattering techniques have been used to itslpect the surface
finish of manufactured parts and the resulfts related to stylus [IrotilOmetric m~easurementlls
[31,4). Therefore, laser light scattering has been lpripk),cd ais a ncna-intrusive. io 'Etu
technique for monitoring the growth of CVI) coatings [1,,;.71 since changes ini
microstructural development are manifested in the surface morphology. In this; work. thle
effectiveness (of light scattering in describing the Surfaces of wecll-characterized samples cl,
sýitu and of early CVI) deposits in situ is demonstrated.

EXPERIMENTAL DETAILS

The laser scattering apparatus is shown in Figure I. integrated with a cold-wall CVI)
reactor. The laser scattering apparatus consisted of a 5 mW H-eNe laser whose inteflsit *v was
attenuated by a combination 1/2-wave plate and heamsplitting/polarizing cube. Thle
resulting s-polarized beam was passed through a spatial filter to remove intensits'
flucttiations in the beam profile, and was focused on a detector by the re-collimating lens.
For preliminary studies, the beam was reflected from samples miounted cx shiu onl a rotatable
stage with which thle angle oif beam incidence was varied.

Initially, the detectiir was a lensless. 35 mim singzle-lens reflex camera which capitimed

Mai- Res. Soc- Symp. Proc. Vol. 250. 1992 Materiais Research society
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Fig. I. Schematic
diagram of the laser Ufmzhil

scattering apparatus POLARZG MAX

integrated with the ,- , . - -,
cold-wall CVD reactor. . .1 L ,,-

S. . . . . .

laser scattering patterns on photographic filn. Later, the canmera wsas replaced hs a linear
512-eletnent photodiode array which detected the intensity of the scattered light ai a
function of photodiode position. A 25 arm slit was placed across the detector to create 25
jim-square detection elements on 25 urm centers. The slit was positioned such that
measurements were made in the plane (it incidence, that is. the plane containing both tlhe
incident and specularly reflected beams. The computer interface to the detector \,a,
capable of recording scattered spectra every 0.115 seconds, to a total of 255 spectra per
experiment. A narrow band-pass filter was placed ahead ot the detector to block spuriou,
background radiation.

The laser scattering apparatus was then mounted on the cold-wall C(VD reactor for
in situ studies as shown in Figure 1. Front surface-reflecting dielectric mirrors directed the
beam to the substrate surface at a predetermined angle of incidence.

The cold-wall reactor was used to deposit series of tinted silicon carbide coatings on
silicon for ex situ and in situ studies. Silicon wafer substrates were heated on a graphite
susceptor by radio frequency induction with a 450 kllz RI: generator. The reaction chamber
was a quartz tube modified by the addition of quartz wi hdiws in the reaction zone to
provide an entrance and exit for the laser beam. The w•indows were offset frott the
chamber walls to prevent clouding.

"The reactant gases, hydrogen and methyltrichlorosilane (MIS) were supplied by a
metered flow of hydrogen through a liquid bubbler of MTS which, when supplemented bi
additional hydrogen, yielded a total input gas ratio of IAT:M'S of 400:32.5 scem at 26.5 kPa
(200 torr). Computer control of gas flows, temperature and pressure enabled accurate
commencement and termination of each experiment.



RESULTS AND DISCUSSION

The effect of a rough surface on the angularly resolved distribution of ligh, scattered
from the surface depends on the nature of the roughness. On an intuitive level, rougher
surfaces give rise to more diffuse scattering of the reflected light. A demonstration of this
principle is shown by the scattering patterns of Figure 2. Figures 2 (A) and 2 (C) are
photographs of laser light scattered from polished sapphire substrates whose surface profiles
are shown in 2 (B) and 2 (D), rcespectively. The peak-to-trough roughnesses of the sapphire
substrates are seen to differ by less than li nm with the consequence of increasingly diffuse
scattering by the rougher surface. Typical surface morphologies of CVI) titanium nitride
exhibiting mean grain sizes of 0.9 im and 2.3 im are shown in Figures 2 (F) and 2 (II),
respectively. The corresponding scattering patterns from the surfaces are shown in Figures
2 (E) and 2 (G). -, striking difference in scattering pattern is observed between the two
samples, which display considerable speckle contrast. Note that the Airy rings about the
central (specular) beam are the result of the spatial filter used and are not a result of laser
scattering. The relative distortion of the rings, howt,.er. may be considered another
indication of roughness.

Fig. 2. (A) and (C):
Photographs of

scattering patterns rn
from sapphire
surfaces (B) and (D).

(E) and (G):
Photographs of
scattering patterns
from CVD titanium
nitride surfaces
(F) and (H).

iG
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The relationship between the intensitv of the diftLuse comp'lient of th- scatitered ight
and the root mean square (rms) roughness of a surface has been quantified INI:

- exp [ -((4.-ircos I)/A) (i)

where o is the rms roughness and A is 0.6328 am, the wavelength of the incident light.
Also, I is the intensity of the specular reflection from the rough surface. 1, is the total
intensity of all light reflected from the surface, and 0, is the angle of beam incidence,

Th;., .,,;aa ap:x.icl.,.," ... .�- p.Ik,' to clectromagnc.:c " tterin . fr " ..

with a Gaussian height distribution [91 and er- of the order of I /Am [ 10. 1. To he exact.
[, should be measured by a Coblentz or collecting sphere. For practical purposes. however.
I,, can be taken to he the intensity of the specular reflection from a 'perfectly smooth
surface of the same material as the rough surface [ 10[. In this case, the smooth surface was
a clean silicon wafer substrate.

Root mean square roughness mlCaSuree•nefIs were taketn oin the series•;t s•i icon
carbide-on-silicon deposits made at 1273 K- showkn in Figure 3. The micrographs shosk the
progress of the coating from individual submicrometer-sized cluster, at 15 second,, to a

15 sec 1.75 min

30 sec 2 min

45 sec 5 min

1 min 10 min

1.25 min 20 min

1 A.m

Fig. 3. Scanning Electron Micrographs showing development of the
morphology of silicon carbide deposited on silicon at 1273 K.
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continuous deposit of nodular morphology after 2 minutes. The relative peak heights of the
specular beam reflected from the 30 second, 1, 2. 5, 10. and 2t) minute deposits, which are
representative of a variety of surface morphologies. are shown in Figure 4. The intensity
of each reflection. I, was determined from the integrated area under the peak, and o, was
calculated.

Profilometer traces covering at least 50 /m of each surface were also taken, and the
standard deviation of vertical height displacement from the mean, which is the definition of
a,_ was calculated] The results of these ex situ measurements are compared in Figure 5.
Both methods indicate a similar trend with good agreement. The largest discrepancy is at
30 seconds, when the separation of clusters on the surface is greatest. The apparent
'bracketing' of the roughness values obtained from scattering by the profilometer
measurements may be the result of a bandwidth limitation placed on the detected scattered
intensities by the geometry of the scattering apparatus, which includes the size of the slit
across the detector array,

A more complete description of the surface statistical parameters of a rough surface
is possible through a vector scattering treatment of the angular distribution of scattered light
from the surface. For a surface whose roughness falls within a 'smooth-surface' limit, that
isor, < < \,, the intensity distribution of scattered light can he directly related to the Power
Spectral Density (PSI)) of the surface, The PSI), being the square magnitude of the Fourier
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transformation of the surface profile, cint ains inlormati t abi u t both the vcr. ical ;11d
horizontal character of the surface.

If the surface features are sufficiently isotropic in) arrangement, the incident hcam w ill
be scattered with intensity maxima corresponding to the spatial frequencies (f,) of surface
features, since the surface can be considered to be a composite of many sinusoiidal
diffraction gratings. The positions of the scattered maxima are then those that .would be
predicted by the familiar grating equation for the plane of incidence:

sin , -sin t,
fA (2)

A

where 9, is the angle to the scattered peak. The vector scattering analysis also allows the
intensities of the maxima tc yield information about the rms roughness variance and rms
slope variance of the scattering features by evaluating the zerith and second moments of
the PSD, respectively f3,121.

In situ experiments to explore both the scalar and vector approaches to the scattering
problem were performed on silicon carbide deposits. using the scattering apparatus
integrated with the c'd-wall reactor. A sequence of --cattering patterns from the sample
surface was collected during the early .,tages of growth of each coating. The ,pecunarly
reflected beam was captured in these studies to determine surface roughness from the
change in intensity oif the specular beam. An incident beait) of highe juitensity was alo
used to explore the generation of peaks far from the specular beam due to the -spacinr of
the rough surface features.

Excerpts from the series of spectra taken near the specular beam during a 5-minute
in situ experiment are shown in Figure 6. The spectra are presented in perspectike vieu
with scattered intensity plotted against position on the photodiode array and increasing time.
The specular beam, seen to the right of the frame, is truncated because its inieisilt
exceeded the capacity of the photodiodes. The change in rns roughness was" calculated
from the variation in intensity of the speculatr beam by fitting a iGaiisian intentsity profile
to each truncated peak, and interating the intensities to obtain orn, according to Equation
(0). In situ roughnesses were calculated for the same time intervals as the ex vitu studies
and are shown for the 5-minute exoeriment and a 2-minute experiment in Figure 5. The
agreement among the in situ studies is good, and the trend is very ,,imilar to tile c,, ýitu
results, The magnitudes of the roughnesses obtained by the two sets of experiments differ
only by a scaling factor, which may be related to an error in the initial calculation of I,, for
the in situ studies.

Fig. 6. Series of spectra
obtained in situ from
silicon carbide during a ,- .
5 minute experiment.

detector osition
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In another set of in situ experiments, spectra were taken farther from the specular
beam where intensity maxima would be expected due to the spacing of surface features such
as those displayed in Figure 3. With the detector position well-established, inter-feature
spacings may be assigned tO the spatial frequencies corresponding to the various maximum
peaks according to Equation (2). The results of such an analysis are shot~n in Figure -' for
spectra taken during the first 21 seconds of a 2-minute experiment. [he specular beam is
located a known distance to the right of the frame allowing a high intensit, incident beanI
to be used. Note that the initial spectra are relatively free from any distinguishing features.
At 13 seconds, the first peaks appear at spatial frequencies corresponding to larger spacings
of It to 16 Am. With increasing deposition time. a variety of spacings down to 6.7 4m
become more prominent. Smaier peaks between 6 and -7 un aprear at 13 seconds but
gradually fade by 20 seconds,

It is not clear which of the peaks can he justifiably assigned spatial frequencies based
on the coherent isotropic scattering discussed earlier. Also, the sizes iif the initial clusters
iapidly exceed the smooth-surface limit necessary for an exact vector scattering analsis of
the spectra. It is itmportant to note, however, that significant changes in the scattered
spectra occurred with progress of the deposition.

CONCLUSIONS

The laser scaicrit;g technique has been shown by several methods to he sensitive to
subtle changes in surface morphology. While actual CVD surfaces seldom display the ideal
periodicity and smoothness requisite for an exact solution to the scattering problem. laser
scattering is still effective "is a general method for monitoring the rms roughness of depisits.
It can also be used as an in situ diagnostic for the appearance of certain features of a
deposition process as has been demonstrated elsewhere for the epituxial growth of silicon
[131. If the surface features possess some degree of periodicity, the spatial frequencies of
the features can be obtained from the scattered spectrum. Therefore, with some knowledge
of the nature of the depositing material, !use;- scattering is a promising technique for
monitoring the growth of CVD coatings, which may find the greatest application in
manufacturing situations requiring process control.
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IN-SITU LIGHT-SCATTERING MEASUREMENTS DURING THE CVD OF
POLYCRYSTALLINE SILICON CARBIDE

Brian W. Sheldon' 2 . Philip A. Reichle', and Theodore M. Besmann'
I - Metals and Ceramics Division. Oak Ridge National Laboratory, Oak Ridge, TN 37831.
2 - Division of Engineering, Brown Univer-sity, Providence, RI 02912.

ABSTRACT

Light-scattering was used to monitor the chemical vapor deposition of silicon carbide from
methyltrichlorosilane. The nucleation and growth of the SiC features caused change.s in the
surface topography that altered the angular scattering spectrum that was generated with a He-Ne
laser. These scattering spectra were then analyzed to obtain information about the nucleation
and growth processes that are occurring.

INTRODUCTION

The formation of polycrystalline materials by chemical vapor deposition (CVD) proceeds
by nucleation and growth mechanisms that control the resultant microstructure. In spite of its
technological importance, most of the current understanding of the relationship between the
CVD process and the microstructure and properties of polycrystalline materials is qualitative and
empirical. Better design and control of CVD materials wdl be possible with an improved
understanding of the nucleation and growth processes that determine the microstructure.

The CVD of silicon carbide has been studied extensively [ 11. %ecause of its high strength
and chemical stability at ekvated temperatures, polycrystalline SiC produced by CVD is
potentially important for a variety of applications. Also, SiC matrix composites for high-
temperature structural applications are being produced commercially by chemical vapor infiltration
(CVI), which is essentially CVD in a porous structure 121. A variety of different microstructures
have been observed in ,"VD SiC and empirically correlated to the temperature, pressure, and gas
composition that was used for deposition 111. However, the mechanisms which govern these
observed microstructural differences are not well understood.

Sirhr-sl-%-t-ring is commonly used to measure surface roughness 13-51, thus it has been
proposed as an in-situ method of monitoring the evoluh, v' ,"We ýiirface topographv during CVD
16,71. These types of measurements were made during the CVD of SiC, and are presented here
along with a brief analysis.

DESCRIPTION OF EXPERIMENTS

Silicon carbide was deposited from methy.:.ichlorosilane (MTS), using H1, as a carrier gas.
The substrates were prepared by depositing polycrystalline SiC onto grapniti disL5. Ik -
polishing the deposited material to a mirror finish. The local smoothness of these surfaces (i.e.,
the absence of scratches) was verified with scanning electron microscopy.

The reactor consisted of a vertically mounted silica tube, where the reactant gases were
introduced through the top flange, and the vacuum system was connected to the bottom flange
(i.e., a down-flow configuration). The substrate was positioned inside of a custom-designed,
cylindrical graphite heating element. The temperature of the sample was measured with an
optical pyrometer that was sighted through a slit in the heating element. Figure 1 is a schematic
of the light-scattering apparatus that was used as an in-situ monitor during this process. The 10
mW He-Ne laser was directed at the substrate through a port in the reactor, and the specular
beam reflected from the substrate exited through this same port. The intensity of this specular
beiam was measured by reflecting it off of a mirror and into a single photodiode. Both the

Mal. Res. Soc. Symp. Proc. Vol. 250. 1992 Malerials Research Soc;iety
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Fig. I Schematic of the in-situ light-scattering apparatus.

incident and reflected beams passed through slits in the heating element. Both the incident and
specular intensities were measured by passing the beams through a small hole and onto the
photxltode. The use of this aperture facilitated alignment and reptxiucihility. However, the
specular reflectance underwent significantly more divergence than the incident beam, thus the
aperture may have caused slightly low sptcular intensity measurements.

A portion of the scattered light from the substrate was collected by a linear array of 10124
photodiodes, after passing through a slit in the heating clement and a second IXprt in the reactor.
The substrate temperature was between 950 and IIX)0°C for all of the runs that were conducted.
lower temperatures were not possihle because SI rather than SiC deposition has been obsetr.cd
18,9]. Thus, at the temperatures that were studied there is a significant amount of thermal
backgrot-d radiation. This did not affect the specular reflectaace measurements; however, the
intensity of this background exceeded the intensity of the scattered light. To remove most of hc
thermal background radia!ion, two laser-line filters (narrow band pass filtrs which transmit only
at a wavelength or 632.8 nm) were po)sitioned in front of the detector array. A narrow slit was
also positioned between the line filters and the detector.

For the experimental measurements to be quantitatively meaningful, the spuiai and
scattered intensities must be compared to the incident beam intensity. To accomplish this,
detailed calibration measurements prior to deposition were necessary because of the windo.s,
mirror, and line filters that were used. The angular position of the detector array was also
determined with a set of careful calibration measurements.
RESULTS

The intensity of the specular reflectance is plotted versus the deposition time in Figure 2.
The top line (hollow circles) shows only . owdll decese in the specular intensity as deposition
proceeds, while the bottom line (filled circles) shows a significantly larger decrease. Th•e filled
circles were measured during depoxsition at a higher temperature and a higher MTS concentration,
thus the faster decrease in the specular intensity is reasonable because deosition. and hence
sL,-face roughening (occurs at a faster rate.

Figure 3 shows a sequence of scattering spectra that were collected during the came
experiment where the lower line in Figure 2 was measured. The magnitude of the scattering
signals initially increases rapidly, and after several minutes the rate of increase is much slower.
During this CVD process individual SiC features nucleate, grow, and eventually coalesce into a
polycrystalline film II). The initial rapid increase in the scattering intensities corresponds to the
nucleation and growth of individual SiC features. After these features coalesce into a
polycrystalline film the surface topolgraphy changes at a much slower rate. thus the scattering
spectra apparently change at a much slower rate.
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Fig. 2 The intensity of the specular beam. I, (normalizcd to the incident intensity. I) vcrsUs
deposition time. The open circles were measured with the suhstrate at 950'C and 1hNMTS=42.
The filled circles were measured with the substrate at 965'C and }lMTh='. In both ca~se the
total pressure was 3 kPa.

ANALYSIS AND DISCUSSION

The specular intensity is the easiest optical measurement that can be made in the system
that was used here. It provides an in-situ monitor of changes in the surface topography, but it
can not be used to obtain detailed quantitative information. As noted above. the results in Figure
I indicate that intensity changes in the scattering spectra can pt.xvide more precise information
(e.g., moaitoring the formation of a coalesced polycrv.stalline film). In theory, a more detailed
analysts is also possible becau.,c the angular scattering spectrum contains all of the information
that is necessary to quantitatively describe the surface topography 131. To conduct this type of
anal,,sis. the angular scattering spectra in Figure 3 are first converted to the pow• i spectral
density (PSD). The one and two minute spectra in Figure 3 were converted to PSD versus r
plots that are shown in Figure 4. The independent variable. r, is given by:

r k[sinO. - sineJ Ilt

where k is:

S 2ir (2)

and e, and OI are the incident and scattering angles, respectively. The reference point for these
angles is the surface normal (i.e., an incident beam that is perpendicular to the surface
corresponds to 8% = 0). The laser wavelength, ,, is 0.6328 pm fir the He-Ne laser that was
used.
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Fig. 3 A series of angular scattering spectra measured with a substate temperature o1 %95°C. a
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Fig. 4 Power spectral density versus r. from the one and two minute scattering spectra that are
shown in Figure 3.
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Experimental results such as those shown in Figure 4 can be analyzed with an -'ppropriatc

expression for the PSD that Jep:nds on the mathematical description of the surface profile that
is used. The standard approaches are based on Gaussian surface profiles 131. which do not
accurately describe the surfaces that form during the CVD of polycrýstallirne materials. During
the early stages of CVD, shot-models can accurately describe the nucleation and growth of
individual surface features. By building an appropriate nucleation and growth model into. a shot-
model of the surface profile, the parameters that describe the nucleation and growth kinctics can
be obtained directly from the light-scattering spectra [101. In this previous work. these nucleation
and growth based shot-models were successfully used to analyze out-of-reactor light-scattering
measurements that were made on CVD surfaces.

The experimental PSD results in Figure 4 were first analyzed with a simple nucleation and
growth model that assumes that nucleation occurs in a short burst at one point in time. and is
followed only by growth of this collection of nuclei. This behavior has been observed
experimicntally during the CVD of polycrystalline silicon [11121. This model leads to a relatively
simple expression for the power spectral density 13.1(01:

PSD = n (ut)'n J2[(ur] f)
4 Ij (Uf)rJ]2V)(

where "T is the nucleat on density (nurlei.',m 2), _ is the growth rate (pim/min), I is time, and J,
is a Bessel function. Evaluating the infinite series for J, gives:

PSD a _ _(u t ,) I 1 . (ut)r ] 7[(u )r J' _ (u t)r]'

16 6 576 1920 J (4)

The leading term in Eq. (4) can be viewed as the intensity of the PSD. which is a function
of both the nucleation and growth parameters (.I and u). The polynomial factor that follows this
term is an infinite series that can be viewed as the "shape" of the PSD curve, which is only a
function of the growth rate and the deposition time (i.e., not the nucleation density). In Figure
4 the intensity of the scattering spectra increases with time, while the shape of the PSD shows
almost no change with time. This is not consistent with Eq. (3) because the shar- should also
change as growth proceeds. This is evidenced by nonlinear regression results according to Eq.
(4), that yield values of q = 51 nuclei/pmr2 and u = 0.25 pjmin for the one minute PSD and
i = 53 nuclei/pimz and u = ft.13 pm/min for the two minute PSD. Close examination of Eq (4)
also shows that the PSD is very sensitive to small changes in u and t, and less sensitive to the
value of T). The experimental PSD results in Figure 4 were also analyzed with other nucleation
and growth models that are described elsewhere [101. In general, the nucleation and growth
parameters that were obtained with these models were also inconclusive.

As expected, these resul)s are less precise than the out-of-reactor measurements that were
performed previously 1101. There are several reasons for this:

I. It was possible to make scattering measurements over a much wider angular range in the
out-of-reactor case.

2. It was, necessary to remove most of the thermal background radiation from the heating
element and the hot substrate with narrow-band pass filters. This substantially reduces the
inken.iity of the scattered signal.

3. In addition to reducing the signal intensity, the windows and narrow-band pass filtcrs that
were used between the substrate and the detector create other problems associated with
refraction and unwanted reflections. These were accounted for with calibration
measurements, but some inaccuracies still exist.
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In future research, efforts to reduce these problems should be explored. The angular range
can be expanded with a wider detector array, or by using multiple detector arrays. Reducing the
problems associated with the thermal background radiation will require a modified reactor design,
or a stronger laser to generate stronger scattered signals. Some improvements might al.o) •-
obtained by making better calibration measurements.

CONCLUSIONS

Laser light-scattering was used as an in-situ monitor of nucleation and growth during the
CVD of polycrystall;ne SiC. The intensities of the specular reflection and the scattered light were
used to qualitatively monitor changes in the surface topography during deposition. Previously,
out-of-reactor scattering measurements have been used to quantitatively analyze nucleation and
growth parameters. Similar analyses were applied less successfully to the in-situ mcansurementrs
that were made here. Improved quantitative analysis will require improvements in the C`VD light-
scattering appý;ratus.
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INTERACTIVE USE OF ELECTRON MICROSCOPY AND LIGHT SCATTERING AS

DIAGNOSTICS FOR PYROGENIC AGGREGATES

Richard A. Dobbins, Division of Engineering, Brown University, Providence, RI 02912

ABSTRACT

Both electron microscopy and light scattering have played an important role in

elucidating the processes of inception, growth, and oxidation of carbonaceous particles in

flames. The techniques developed have application to the various pyrogenic materials

including the metallic oxides, carbides, etc. Thermophoretic sampling has been developed to

afford efficient eytraction of particle samples from hot reaction zones. The sampling

procedure preserves the particle morphology for subsequent analysis by transmission

electron microscopy (TEM). Studies using this technique have shown aggregate structures

with fractal dimensions of 1.6 to 1.8, a result that is consistent with the computer simulations

of the cluster-cluster aggregation process. Diverse morphologies, including microparticles

found in the particle inception zone, reveal the evolution of these aggregates. The optical

cross sections for polydisperse aggregates which are used to interpret the laser

scattering/extinction tests (LSE) are described. Population averaged properties - volume

fraction, volume mean diameter, monomer and aggregate ntmber concentrations, mean-

square radius of gyration - are derived. The interactive use TEM and LSE data leads to a

global description of the aggregate dynamic processes which are found to be regionally

partitioned within the laminar hydrocarbon diffusion flame.

I. Introduction

During the last twenty years there has been a frequent use of LSE tests to monitor the

formation and growth of particulate materials. The use of LSE in combustion research to

diagnose the formation of carbonaceous particles in flames has an extensive history 11-51. It

is to be noted that the experimental procedures have progressed more rapidly then has the

theoretical foundations that provide the basis for the interpretation of the tests results. Thus

the initial observations were analyzed on the falacious assumption of a population of

monodisperse spherical particles. TEM provides entirely different information, which when

rationalized with the LSE data provides important insight into the nature of the particle

formation processes.

TEM observations of particles are normally made by ex situ observations that require

a sampling procedure which does not alter the state of the material to be examined. While

obtrusive sampling has been avoided in the past, more recently these methods have proven

capable of providing the vital information on particle morphology f6,71 upon which the cross

sections for scattering and extinction are based. On the other hand, TEM analysis cannot

provide data on the aerosol suspension - properties such as panticle number or volume

concentration, surface area per unit volume, etc.

LSE has the great advantage of providing in situ observations of the population of

particulate material occupying a --nall volume in a precisely defined space. Because of the

wide dynamic range of photomultipliers, it is possible to make observations over a wide

Mat. Res, Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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range of particle concentrations even in the presence of very strong gradients of particle
properties 181. Furthermore, multiangle observation and tomographic inversion methods
permit the LSE diagnostic methods to be applied to complex nonsymetric geometries of the
reactor system [91. A weakness of the LSE observations is their inability to provide direct
information on the particle morphology upon which the data interpretation is dependent.

11. Thermophoretic Sampling

The extraction of particulate material from a high temperature environment can be
achieved by the rapid insertion of the microscope grid to the point of interest. The technique
is referred to as thermophoretic sampling since the temperature gradient in the thermal
boundary layer drives the particles to the grid surface. The grid is then directly transferred to
the electron microscope for detailed examination of the captured sample. The evolution of
the particle morphology is analyzed by taking a series of samples extracted at selected
positions along the particle path. The details of this technique are described elsewhere 161.

The most important information that is yielded by thermophoretic sampling is the
morphological character of the particle field. For example, ceramic particles at a temperature
well above their melting point will normally be present in the form of polydisperse spheres.
Similarly, particles formed in the early inception stage may be isolated spherules. The optical
behavior of these particles is well described by Mie theory calculations modified to include a
polydispersity of the particle population. A common morphology that is not accommodated
by the spherical assumption is the aggregate configuration which has been encountered either
as an intermediate or as a terminal state of particle development.

Aggregated (clusters or agglomerates) of primary particles (monomers or spherules)
are formed by the process of cluster-cluster aggregatiorn and constitute a major particle
morphology 110-13). The quantitative description and diagnostic analysis of aggregates is
facilitated by the concept of mass fractals. Thus the number of primary particles per
aggregate is related to the radius of gyration R9 and the primary diameter dp by

n = kf (Rg/dp) Df()

where Df is the fractal dimension and kf is the prefactor. Aggregates formed by cluster-
cluster aggregation have fractal dimensions of 1.8 to 1.9 according to numerical
simulations[3]. Laboratory experiments of several different types yield fractal dimensions in
the range of 1.6 to 1.9 which is good agreement with the theoretical results. TEM
experiments readily yield values of dp and, with somewhat more effort, provide values of n.
The Rg of an aggregate can be found from the 2-D projection provided by TEM.
Stereoscopic TEM methods and computerized data acquisition provide clear advantages
when these techniques are available.

Aggregates undergoing the clustering process will inevitably display polydispersity
since the number of primary particles per aggregate will be highly variable. For a population
of polydisperse aggregates Eq. (1) can be recast as

ni = K R' /d' (2)

Here R is defined as appropriate for the interpretation of the optical observations and the
!g
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quantity " assumes the dependence on Df. kf and the size PDF. The quantity nt is the first

moment of the size distribution function. A knowledge of dp is readily determined by TEM

and becomes an important input into the full description of the aggregate field. A knowledge

of the .1 and dp yields the volume average of the volume equivalent spheres of the

members of the aggregate population,

D,,, 3 dp (3)t

The value of the K is approximately 2.6 to 3.3 [141 for size distributions that approximate

the self preserving distribution. A detailed size distribution is obtainable from the TEM

micrographs if a more accurate value of ic is required. Further details of the aggregate field

require a knowledge of the particle concentration which is more readily obtainable from the
scattering measurements as discussed below.

II. Laser Scattering/Extinction Measurements

The observation of the scattering and extinction of light at a well defined laser
wavelength provides two additional pieces of information that are sensitive to different
moments of the size distribution function in the case of aggregates consisting of an absorbing
material. In this instance a measure of a mean size is possible as is illustrated elsewhere
[14,151. For dielectric particles both scattering and extinction depend on the same moment
ratio and no information on aggregate size is afforded. In this event the angular distribution
of scattering is of greater interest [16,17]. The differential volumetric scattering cross
section Qw(0) at the angle 0 from the forward direction for randomly oriented, polydisperse

aggregates [18] is given by

Qv,(O) = Na fn (- n) 2 x6 F(m) f(X)/k 2

where

F(m) = I (m2 - l)I(m2 + 2)1

f(X) = exp (-X/3), X < .51Df

k 27VX

qj =4n sin (O/f2)A

xp = -.dp/)

2 2
X=qi Rg

with Na equal to the number of aggregates per unit volume, and f, is a moment ratio - 1.7
[14, 15).

I" • , • • • • w mm m m m i m m I
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Equation (4) applies to aggregates with X < 1.5 Df which is given here by way of

illustration. In this case, observations of the light scatered at two angles yields the
ratio Rij= Qv (Oi)/Qvv(0j) where Oj > 6i, and gives from Eq. (4) the mean square radius of

gyration,

R2 a In Ri, 2  (5)

where a=ij is a constant that depends on the angles Oj and 9i [151. Equation (5) is notable in

that it requires no knowledge of the size distribution or refractive index [181. With R and
9

the value ofdp from TEM, the values nI and D30 can be found.

IV. Interactive use of TEM and LSE

TEM aids LSE when used to (a) define morphology, (b) provide values of dp for

quantitative data reduction and (c) explore regions of complex morphology, An illustration
of the first two levels of interactive use is now provided. Dissymetry measurements

2
give R9, TEM gives values of dp which through Eqs. 2 and 3 give nI and D30 . With the

refractive index of the material, the quantity F(m) is known along with all quantities on the
right hand side of Eq. (4) except the aggregate number concentration. The latter is found by
the measurement of the absolute value of Qvv(9) using a gas of known scattering cross

section and concentration as a calibration medium [19) or an aerosol of known size
distribution, refractive index and concentration 1171. Once the aggregate number
concentration Na is known, the volume fraction of the material f, and the particulate surface

area per unit volume St can then be determined by

It3
fv = Na i D3 0  (6)

6 30

S,=Na nt 1dl (7)

The values of f, and St are important in the determination of heterogeneous reaction rates.

The abbreviated results presented here are given in more detail in the references listed below.

Striking morphology gradients do occur in the case of the carbonaceous materials

produced in diffusion flames. Isolated singlet microparticles have been first identified by

thermophoretic sampling, and their discovery provides valuable information on the early

formation of graphitic soot from a PAH precursor particle [201. This discovery indicates that

gradients in particle morphology are accompanied by gradients in refractive index and si-e
distribution as well. Quantitative analysis of the particle field in the presence of these
complications provides an interesting challenge for both LSE and TEM. Metal oxide
particles have been observed as fractal aggregates and as polydisperse compact spheres
f[16,171 and both diagnostic methods are therefore of value in this instance.
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V. Summary

The data yielded by the TEM and LSE experiments are of dissimilar but
complementary natures. The interactive application of these techniques provides information
that is beyond the capabilities of either method used alone.
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TUNABLE DIODE LASER ADSORPTION SPECTROSCOPY OF THE PYROLYSIS OF
METRYLSILUR.NE

H.C. Sun, Y.W. BaB * LA. Whittaker, and B. Gallois

Department of Physics and Engineering Physics
*Department of Materials Science and Engineering
Stevens Institute of Technology, Hoboken, NJ 07030

An understanding of the chemical processes occurring in the
gas phase during metalorganic chemical vapor deposition is needed
to design novel precursors and for the subsequent control of the
composition and the microstructure of the solid product. Tunable
diode laser absorption spectroscopy provides a means to precisely
monitor specific bond rupture in the precursor during pyrolysis.
!4ethylsilazane 11CH3ZiHffHj],, a precursor to silicon-based ceramic
thin films, was used to investigate the potential of this tech-
nique. Below the decomposition teuperature, the intensity of
the absorption line at 871.6±0.1 cm corresponding to one of the
harmonics from Si-CH3, increased linearly with the vapor pressure
of methylsilazane up to 800 Pa and then decreased exponentially.
The typi~al linewidths of the absorption line was approximately
0.006 cm,* orders of magnitude narrower than would be observable
using conventional infrared techniques. The absorption line was
detectable over a pressure range from less than 1 Pa to 10 kPa.

Introduc~tion

There has been an increasing interest in novel synthetic
routes of thin films by the pyrolysis of organometallic precur-
sors. Netalorgamic chemical vapor deposition (MOCVD) provides a
means of low-temperature processing of pure metals ar.4 alloys,
metal and metalloid carbides, borides, nitrides, sulicides, and
related thin films which has bath important technical and econo-
mical implications for structural and microelectronic device
applications.

Despite the demonstrated potential utilities, little is
known of the chemical processes by which organome%:allic compounds
are converted to solid thin films upon pyrolysis.' This stems
from the nature of the complex molecular structures that serve as
precursors, and the even more complex and intractable structures
that are intermediates in the pyrolysis process. optimization
of deposition conditions are, thus, usually made by experimen-
tally varying the numerous process parameters until acceptable
deposits are obtained. As the need to design novel organonetal-
lic precursors rise& and control of composition and microstruc-
ture of pyrolytic products becomes more demanding, studies aimed
at understanding of the chemical processes which arise during the
film formation pose a formidable challenge.

Mat. Res. Soc- Symp. Proc. Vol. 250.'1992 Materials Research Society
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In an attempt to understand the chemical reactions in detail
we have implemented high-resolution tunable diode laser spectros-
copy (TDLAS) as a chemically selective, high sensitivity diagnos-
tic. Individual diodes.1 commercially yailable with center fre-
quencies between 300 cm and 3000 cm , are chosen to match the
IR absorption spectrum of the species and vibrational transitions
of interest. Measurement of the line integrated absorption
strength of a particular transition can be correlated with the
species concentration with appropriate calibration procedures.
In addition, by implementing novel modulation techniques we are
able to monitor species concentration with high sensitivity and
in real time.

In this report, we present preliminary data on the detection
of methylsilazane, a novel organometalliQ precursor used in the
synthep4 p of dielectric thin films at low deposition tempera-
tures. This precursor has a rich infrared spectrum making it
an ideal candidate for TDLAS detection.

Experimental Procedures

Me~hylsilazane was synthesized following the published pro-
cedure. 4ts molecular structure and properties were described
elsewhere. A gas cell equipped with GaAs windows was used
for the studies by Fourier Transform Infrared Absorption Spec-
troscopy (FTIR) and TDLAS. Carbonylsulfide and ammonia were
used for the calibration of the laser frequencies.

A schematic diagram of
the TDLAS setup is shown in Ow"
Fig. 1. The rather complex L.-.-- --A T
signal processing scheme re-
flects the implementation of
two modulation techniques
which afford very high sensi-
tivity detection free from
etalon fringes induced by the Curs fa
windows of the reaction cham- 0"" CMMW
ber. High sensitivity is at-
tained by frequency modulating __ -9--
the laser at 40 MHz, an ap-
proach known as frequency mod-
ulation spectroscopy (FMS).
The etalon fringes are reject-
ed by combining FMS with a
novel type of wavelength modu- Compute(ATcass)--
lation spectroscopy. The two
methods result in absorption
lineshapes which resemble de- Figure I Schematic diagram of
rivatives of the actual ab- tunable diode laser absorption
sorption lines. Details of holK spectrometer.
fS achieves high sensitivity 6

and rejects optical fringes
are discussed elsewhere.



For this report the laser was used in two modes of opera-
tion. Temperature tuning provides medium resolution broadband
spectral scans. Current tuning with the above modulation tech-
niques implemente4 provides high resolution narrow band scans.
In both cases the laser was controlled by a personal computer.

Results and Discussion

The gross features of
characteristic vibrational mo-
des resulting from the groups
of atoms attached to silicon 1..
in gaseous methylsilazane are
shown in the conventional FTIR
spectrum of Fig. 2. A qtrong W4 0avenu,,e-- \ 4
line centered at 938 cm (Si-
N-Si asymmetric stretch) to-
gether iith peaks at 3392 and
1184 cm' arising from N-H str- o
etching and bending modes in-
dicate the presence of Si-NH-
Si structures in the precur-
sor. The symmetric -CH3 de- Pigure 2 FTIR spectrum of gaseous
formation gives a very sharq methylsilazane precursor.
and intense band at 1264 cm
and is the most characteristic 16
feature for methyl groups bonded to silicon. The line at 1264
cm is accompanied by equally
injense bands at 888 and 765
ca from the -CHý rocking and
the Si-C stretching vibra- -t P=55torr
tions. 1 Sk-H band stretching = P

at 2155 cm is one of the most I
distinctive features of orga- 6
nosilicon compound. 6

Almost all the absorption "
bands appearing in the FTIR ,
spectrum can be detected by 3: cm
using TDLAS. The current KJ:
laser installed ij our systeu_ c,
tuned from 855 cm to 905 cm-. C
A broad scan over this entire i I
range using temperature tuning __ _

was performed on methylsila- 855 55 575 a5 E
zane as shown in Fig. 3. The
strongest absrption peak at(cr-1)
around 870 cm was chosen to
be examined in high resolu- Fiqure 3 A broad band scan using
tion. The resultant typical TDLAS.
absorption line is shown in
figure 4. The peak was identified by comparing with peak.,posi-
tions of carbonylsulfide and ammonia to be at 871.6±0.1 cm . It
was found to be one of the harmonics of the rotational-vbration-
al mode arising from the -CH3 rocking in methylsilazane. The
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0.i cm, uncertainty was due to

thermal drift of the laser. .i,(

Uncertainty down to 0.0003 cm,
can be easily achieved when 7=

more than one optical detector -

is available to perform simul-
taneous measurement. Series -

of scans with the same experi-
mental parameters were done at V
various vapor pressures of
methylsilazane. The peak sig-
nal from each scan is plotted -------------
against gas pressure as shown -

in figure 5. The absorption
signal varies as a product of -

an exponential decay term that
is due to the absorption of
the laser carrier and a linear -Scan Ran-E 5,- 5 -
term that is due to the dif-
ferential absorptjoR of the
laser side bands. Figure qurs 4 Identification of methy-
5 shows three different re- isilazane absorption peak by OCS

gions. First, the linear re- and NH3 references.

gion apparent below 0.5 Torr
is the low pressure regime
where the absorption peak is --. _ _ _ _ _ _

predominantly Doppler broad- 5: i _ _ _o

ened. The second region is
the transition region between -, Z..
0.5 and 6 Torr. At 0.5 Torr,
the absorption profile starts -

to be pressure broadened so --- s--
that the curve starts to devi-
ate from linearity. Then, -'

the linear term competes with
the exponential term. The ____"

third region starts at around -,5! Hz-.
6 Torr. This is the high
absorption region where the
exponential term predominates. • _____-_-_---

The whole curve serves as Cpor Pressure 2torr

a calibration curve for the
real time monitoring experi-
ment. In practice, the first Figure 5 CWFMS signal calibration
region is the mnst important of methylsilazane as a function
part as complete bond rupture of vapor pressure.
means sharp decrease in ab-
sorption. If the third re-
gion is to be used, sensitivi-
ty can be improved by applying simple TDLAS without our modu-
lation techniques. The signal to noise ratio obtained at 10
mTorr with 16 Hz detection bandwidth was in excess of 300.
Since 870 cm was not the peak lasing mode of our laser, this
signal to noise ratio means submillitorr monitoring in the kHz
detection bandwidth range could be possible with the right laser
for different representative peaks. This also indicates the
possibility of submicrotorr detection for steady state condition.



A careful design of the reaction chamber will boost the sensi-
tivity up by half or even one order of magnitude.

Summary

We investigated the possibility of using branches of tunable
diode laser absorption spectroscopy to monitor reaction mechanism
o± MOCVD processes. The infrared absorption modes of an organo-
metallic precursor, methy~silazane, were investigated using both
medium- and high-resolution laser scans. The proven capabili-
ties of high sensitivity, nigh resolution, and fast data acquisi-
tion time of this technique offer a possible diagnostic tool for
the in situ monitoring of chemical processes taking place during
the pyrolysis of organometallic precursors.
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AXIAL CONCENTRATION PROFILE OF H,, PRODUCED IN
THE CVD OF Si3 N4 .

STEPHEN 0. HAY AND WARD C. ROMAN

United Technologies Research Center. E. Hantford, CT 06108

C

AýtSTRACT

Silicon nitride (Si 3N4) has been demonstrated to be an effective high temperature
anti-oxidant when deposited in its n -crystalline form, The Materials Technology I aboratory at
UTRC has developed a pilot-scale chemical vapor deposition (CVD) reactor capable of depositing
Q-Si3N 4 from ammonia (NHý) and silicon tetrafluoride (SiF4) at 1.8 torr and 1440 C. Coherent
anti-Stokes Raman spectroscopy (CARS) has been applied to measure H2 produced in this
reactor. Axial concentration measurements have been performed both in the presence and absence
of SiF4 . Previous CARS measurements demonstrated the importance of surface (Si 3N4) catalvzed
decomposition of NH 3 :

2NH)--- 3H 2 + N2

as a competing rean.ion to:

4NH3 + 3SiF 4 - SiiN4 + 12HF

in the CVD reactor under deposition conditions. The observed hydrogen concentration profiles

confirm these measurements and allow quantitative comparison between the competing reactions.
NH 3 decomposition is suppressed 211% by the addition of SiF 4 in a 6:1 (NHI:SiF 4) molar ratio.

No decomposition is observed in the absence of Si3N 4.

Introduction

Silicon nitride (Si3N4) is an effective high temperature anti-oxidant l1 when deposited in its
nY-crystalline form. The UTRC Materials Technology Laboratory has developed a thermal CVD
process 121 for n-Si3N4 deposition from ammonia (NH 3) and silicon tetrafluoride (SiF 4) at 1.8 tort
and 1440 C. In order to validate the modeling performed 131 on the UTRC reactor design, it is
desirable to measure species concentration profiles within an operational reactor. Our objective
is to apply non-intrusive optical diagnostics within the UTRC reactor environment for in situ

species concentration and temperature measurements. To accomplish thi4 objective, a CVD
reactor with multiple optical access ports was constructed. This access allows in situ measurements
to be made at reference operating conditions at several positions downstream of the reactant
injectors.

CARS was selected as the diagnostic to be applied for several reasons. First. this technique
requires only limited line of sight optical access to the reactor. Second, the resultant signal is
coherent. This allows background discrimination of intense black body background by simple

Mat. Res. Soc. Symp. Proc. Vot. 250. '1992 Materials Research Saocety
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beam propagation through a distance. R (the background drops ofl as l/R2 while the Coherent

signal is attenuated only due to diffractive and scattering losses which are small). Third, CARS

is applicable to all species possessing a Raman active vibrational mode and is therefore

theoretically capable of being used to observe the ground state of any molecular species. And

finally, a rovibrational CARS spectra can be interpreted to yield both a species concentration and

a rotational temperature. In a thermal reactor, such as the one that the UTRC method utilizes,

rotation is in equilibrium with the other degrees of freedom and accurately ,epresents the bulk gas

temperature.

The experimental observation that, in the reactor. under normal operating conditions, the

CARS signal due to NH3 is not detectable above 1000 C. has been reported previously 141- NH-

is known to undergo homogeneous thermal decomposition in the gas phase at this temperature
and above, but gas kinetic calculations 13] indicate that no significant homogeneous decomposition

occurs within the typical residence time ( I sec)of gas phase species in the reactor. It was therefore

expected that significant amounts of unreacted NH 3 would survive the reactor environment, and

be present in concentrations amenable to CARS detection. As discussed below, our results indicate

that this is not the case; NH 3 is not spectroscopically observable in the reactor. However. a

decomposition product. H2, is detectable.

Heterogenous reactions are thus found to contribute significantly to the global chemistry of

the reactor. Two surfaces exist in an unloaded reactor, the bare graphite retort walls, and the Si N,

coating. NH 3 etching of graphite has been demonstrated to occur in the absence of SiF4 . Based

on the CARS detection of H2 at a variety of conditions. the importance of surface (Si 3N4) catalyzed

decomposition of NH 3:

2NH 3 sj-N, 3H,, + N2  (1)

is established as a competing reaction to:

4NH3 + 3SiF 4 -. Si3N4 + 12HF (2)

in the CVD reactor under deposition conditions. Mass spectroscopic measurements, performed

on the reactor exhaust, confirm that the primary gas phase species are N2 , H2 and HF 151. H12 is

observed spectroscopically both in the presence and absence of SiF 4.

Experimental

The experimental setup has been discussed in detail elsewhere f51. Collinear narrowband

scanning CARS is employed. The frequency doubled output of a Nd:YAG laser (pump beam) is

divided, one portion being used to pump a dye laser. The output of the dye laser (probe beam)
is combined with the pump beam in a collinear and copropagating manner. The resultant dichroic

beam is focused with a 50 cm focal length lens into the CVD reactor shown schematically in Fig.

I. After recollimation at the reactor exit, the signal is separated from the pump and a probe beams

by a dichroic mirror, Further noise reduction is accomplished by filters and monochromater. after
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Figure 1
Schematic of diagnostic reactor. All optical access ports are shown plugged with the exception

of the second highest. Reactants are Injected from the reactor bottom and exhausted at the top.

which the signal impinges on a PMT The PMT output is processed by a boxcar integrator and

stored on a PDP 11/34 microcomputer for display and further processing. The pump and probe
beams are further utilized to produce a nonresonant CARS signal by focusing them into a high

pressure (50 - 80 psi) cell. normally filled with NZ. This nonresonant signal is recovered, processed

and stored in a similar manner to the resonant signal.

In the course of an experiment, the CARS system is aligned at room temperature in such a

manner that both resonant and nonresonant signals are maximized by small changes in the position
of the beam combiner. During the heating cycle, small changes in the position of the dichroic are
required to correct for changes in the optical index of the reactor atmosphere. Thermal expansion

of the retort wall can also occur, resulting in a partial eclipsing of the optical access path. This
is followed during the experiment by monitoring the magnitude of the nonresonant signal generated

in the reference cell. Any fluctuation in laser power. including partial eclipsing of the pump and
probe beams. affects the nonresonant signal intensity. The spectra employed in data analysis have

all been divided by the nonresonant signal to compensate for any fluctuations in laser intensity that
occur.

Results and Discussion

CARS spectra of H2 were obtained in the reactor at heights of 5.1,12.7 and 230.3 cm above
the injector assembly. Figure 2 shows spectra obtained near reference deposition conditions ( 139)0

ocur
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Figure 2
CARS spectra Of H2 produced by the decompositiont of Nil3 on a S13N 4 surface

C, 2.3 rorr. A)0 sccm NH.1 and 101) seem SiF4) and under stmilar conditions in the absence of Si 1:4

The spectra arise from the Q branch (.1. = 0) of the v = 1 to v = 0 vibrational transition ncar 4395
cm-i. At the elevated temperatures employed for Si3N4 deposition. the spectrum is dominated bý
the odd J rovibrational transitions 0(1). Q(3). and Q(5): with the most intense spectral line being
0(3). The right trace corresponds to deposition conditions, although only wall deposition as~a

occurring during these tests. The retort wall is graphite but has been coated with SilN4 to a level
approximately 15 cm above the injectors. The chemistry could be complicated in this instance: bý.
possible etching Of Si3N4 by HF formed as a deposition by product:

4NH; + 3SiF 4 -. Si3N4 + 12HF )

12HF + Si3N4 -. 3SiF4 + 6H2 + 2N,

the observed H., could be attributable to equation 1 and/or equation 4. The left trace corresponds
to the chemically simplified conditions in the absence of SiF4. No deposition Occurs, thus the H I
origin can only be attributable to catalytic decomposition of NH-f on the Si iN4 surface or etching
of the graphite surface by NH13. This is confirmed by two Observations. First, no hydrogen CARS
signal (from ammonia decomposition) is observable in a "clean" retort. The reactor was first run
at reference operating conditions but in the absence of SiF4. these conditions generate the
maximum H, in a conditioned (SiN 4 Wcveed) rtvort. No H2 CARS signal was observable. even
at pressures up to 10 torr. SiF4 was added and the reactor was operated through two normal coating
cycles, providing a fresh Si3N4 coating on the inner retort wall. The experiment was then repeated
(flowing ammonia only) under identical conditions, a large H., CARS signal was now observable.
This indicates, that in the absence of SiF4, the hydrogen is not produced by the etching of graphite
but by catalytic decompos.ition on the Si3N4 surface, The second collaborating observation is that
the NH 3 CARS signal disappears above 1001 C. The absolute sensitivity of our system to ammonia
was determined in a pyrex cell at temperatures up to 1200 C. and indicated that NH.3 should be
observable in the reactor unless removed by a reaction other than Si3N4 formation.

To determine if i-a production is in direct competition with Si_3N4 formation, the experi men ts
were repeated at stoichiometric partial flow rates. That is. total flow rate, pressure and temperature
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H2 mole fraction (%) as a function of pressure at the 5.1 cm observation port.

were kept constant: but the NH 3 and SiF 4 flow rates were adjusted to 390 sccm and 29% sccm

respectively. Under these conditions H 2 is still observed. however the spectrum is near the limit

of sensitivity to H 2 (0.5 torr, 1400 C). so no quantitative information is available.

Figure 3 depicts the H 2 concentration measurements made at reference deposition conditions

as a function of axial position downstream of the injector assembly. Each data point represents

the average of approximately three separate experimental measurements- As no further

decomposition is possible above the 15 cm location, measurements at higher ports were not

attempted. The trend apparent from the data in Fig. 3 is that the H, concentration increases slightly
with increasing distance from the injectors when only ammonia is injected but appears to have

reached a steady state value by the second observation port. When SiF 4 is added however, the 1-12

concentration has reached this state at the lowest detection port. Since CFD calculations indicate

that thermal equilibration occurs within a few cm of the injector (31. the main effect of flowing

downstream is an increase in the total number of heterogeneous collisions. One would expect a

similar behavior if the collision frequency was raised by increasing the total pressure, while keeping

constant the point of observation. Figure 4 shows the effect of increasing total pressure in both

cases- As observed in the previous data. the mole fraction of hydrogen. from NHI only, increases
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slightly with increasing pressure until reaching a constant value at approximately 1,75 ([he

stoichiometric limit.) While the H2 mole fraction (- 0.62) produced under deposition conditions

(6:1 mole ratio of NH3 to SiF 4) is independent of pressure under the limited set of conditions

investigated.

If the deposition of silicon nitride competes equally with the decomposition of ammonia (and

the mole ratio of ammonia to silicon tetrafluoride is 6:1) the global equation can be written as:

SuNa
3SiF 4 + ISNH 3 F Si3N4 + 7N, + 21H2 + 12HF (5)

This reaction produces a maximum expected hydrogen mole ratio of 52.5%. The observed

ratio is about 59% and appears independent of total pressure. This could indicate that ammonia

decomposition occurs faster than silicon nitride deposition or that equation (4) produces H- as

well as equation (5). The problem with interpreting this data lies in the observation that coating

continues to occur up to a distance of approximately 15 cm downstream of the injector assembly.

A source of nitrogen must exist at least to this point in the retort. Ammonia decomposition occurs

throughout the reactor wherever ammonia encounters the silicon nitride surface. Back diffusion

of the hydrogen then occurs to reduce the observed concentration gradient of hydrogen. This effect
must be considered in interpreting the H2 concentration data.
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LASER INDUCED FLUORESCENCE FOR TEMPERATURE MEASUREMENT
IN REACTING FLOWS

R.G. JOKLIK
National Institute of Standards and Technology, Gaithersburg, MD 20899

ABSTRACT

OH vibrational Thermally Assisted Fluorescence (THAF) temperature measurements
have been demonstrated in both premixed and diffusion flames. The accuracy of the
measurements is generally better than 100 K over a wide range of flame conditions for which
the collisional quenching rate varies considerably. Application of this technique for
temperature measurement in Chemical Vapor Deposition (CVD) flows, for which the
quenching rate is relatively constant, should exhibit greater accuracy. THAF measurements
in these flows are limited by signal to noise considerations, and should be possible down to
pressures of 103-104 Pa or less.

INTRODUCTION

The application of laser based optic;a aoagnostic techniques to reacting flows is
attractive due to the non-intrusive nature of these techniques and to the excellent spatial and
temporal resolution with which measurements can be made. Laser Induced Fluorescence
(LIF), with its comparatively large signals, is particularly suitable for making measurements
on the many reactive intermediates that are found in such flows. In addition to concentration,
LIF measurements can also yield information on internal state distributions, and hence
temperature. Several different LIF approaches have been developed for measuring
temperature, including excitation scans for measuring ground state temperatures [1-41,
saturated and linear two-line fluorescence [5,6], and thermally-assisted fluorescence (THAF)
[7-11].

In this work the application of THAF to temperature measurements in flames is
described, and its possible application for temperature measurements in reacting flows used
for materials synthesis, such as those typical of CVD systems, is discussed. The THAF
technique uses the collisiorna1 redictribution of population among internal degrees of freedom
following laser excitation to measure temperature. This is accomplished by spectrally
resolving the fluorescence from the collisionally populated states. The THAF temperature
measurements in flames are based on vibrational transfer in A2t' OH following (0-0) band
laser excitation from the X21I ground state. Initial studies employing this approach were
carried out by Crosley and coworkers [ 10, 11] in a premixed methane-air flame for a limited
number of conditions and demonstrated that temperature measurements could be made
successf'illy, although calibration was required foreach flame condition due to the variability
of the collisional quenching rate. This early work has been extended through a detailed study
of the effects of quenching in a wide variety of methane, ethylene, and acetylene flames 112],
and a calibration procedure has been developed that accounts for these effects without
requiring knowledge of the local flame conditions. Examples of THAF temperature
measurements made in several premixed and diffusion flames are discussed below.

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Malerlials Research Society
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THEORY AND APPARATUS

Vibrational THAF involves the collisional transfer of population from the laser excited
level (v'=0 in this case) to other vibrational levels within the laser excited electronic
manifold. A two-level model of this process considering only the laser excited level and the
adjacent higher level (Fig. 1) can be used to relate the populations of these two levels to
temperature. A steady-state population balance for the higher of the two levels (v'= I) is
assumed and the principle of detailed balancing invoked to relate the upward and downward
rates of vibrational transfer. This yields the following expression for the :emperature,

-Avjo I okT = -E 0 1

where AE 10 is the energy difference between the v 1 and 0 levels, N1 and No are their
respective populations, k is Boltzmann's constant, Q is the collisional quenching rate, Via is
the downward vibrational transfer rate, and A is the spuntaneous emission rate. For
atmospheric pressure flame measurements Q > > A, and therefore the term multiplying
NI/N 0 , which causes a departure from a Boltzmann population distribution, becomes
(I +Q/V) and is independent of pressure. Thus temperature may be determined through
knowledge of the relative populations of v' =0 and v' = I and the collisional term Q/V.

The apparatus used for making the OH vibrational THAF measurements employed
a standard 90' LIF geometry. The details of the apparatus have been described elsewhere
[12,13], and only the main features are described below. The output of a Nd:YAG pumped
dye laser system was frequency doubled and tuned to the Q1(6) rotational transition of the
OH A-X (0-0) band at approximately 308.8 nm. The pulse energy delivered to the probe
volume was approximately 25 p.1 with a spot size of 1-2 mm. The OH (1-0) and (0-1) band
fluorescences at 285 nm and 343 nm were simultaneously detected using a dual channel
system consisting of a pair of photomultipliers and interference filters.

The measurements in premixed flames were performed in the post flame zones of a
series of C2H2 , C2 H4 , and CH 4/0 2 /N 2 flames using a water cooled, capillary tube burner.
The OH THAF measurements were compared to sodium line reversal measurements [121,
and also to equilibrium calculations and OH ground state rotational temperatures determined
by absorption. The diffusion flame measurements were performed using an ethylene jet
diffusion flame described by Santoro et al. (14] as their flame 2. The OH THAF
measurements were compared directly to the thermocouple measurements of Santoro et al.

TEMPERATURE MEASUREMENTS IN FLAMES

In order to make OH vibrational THAF temperature measurements in flames a
calibration must first be performed [12]. Briefly, the change in Q/V in a premixed flame as
composition is varied is determined by inverting Eqn. I and calculating QIV using the
measured OH fluorescences and temperatures obtained independently through sodium line
reversal measurements for each flame condition. A linear fit to Q/V vs. temperature is then
carried out and used to replace the QIV term in Eqn. 1. This calibration then allows
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calculation of temperature from the OH fluorescences without the need for knowledge of the
flame conditions. The extent to which this linear approximation of Q/V with respect to
temperature holds determines the accuracy of the THAF measurement. The resultant OH
vibrational THAF temperatures in a series of methane, ethylene, and acetylene premixed
flames are shown as a function of equivalence ratio in Fig. 2. The solid lines are cubic
spline fits to the sodium line reversal measurements. In general, the agreement of the THAF
measurements with the sodium line reversal temperature is better than 100 K except in the
most fuel rich cases. The 3a uncertainty of the measurements. which are based on 400 laser
shot averages, is approximately 120 K.

OH THAF measurements in the diffusion flame based on a calibration performed in
a premixed ethylene flame are shown along a diameter at a height of 2 cm in Fig. 3. This
axisymmetric flame consists of an annular combustion zone with fuel from the central jet in
the inner core and air on the outside. Traversing outward along a radius one first passes
through a sooting zone, which can give rise to scattered radiation and broadband
fluorescence, and then through a thin zone where OH is present. The OH THAF
measurements shown in Fig. 3 have been corrected for both non-resonant background light
and also for self-absorption of the fluorescence, and Are denoted by the diamonds and the
solid line cubic spline fit. The thermocouple measurements are denoted by the dashed line.
The agreement between the two measurements is within 75 K.

TEMPERATURE MEASUREMENTS IN REACTING FLOWS

The results discussed above show that accurate vibrational THAF temperature
measurements can be made in high temperature flames characterized by a variable collisional
environment. The reacting flows used for materials synthesis, such as those typical of the
CVD process, are characterized by lower temperatures, lower pressures, and a less variable
collisional environment since the bulk of the flow is composed of a carrier gas such as argon
or hydrogen. In order to assess the applicability of the THAF technique to such flows the
influence of these factors on signal levels, and hence degree of measurement uncertainty, and
on sensitivity to changes in temperature must be considered. The fractional uncertainty in
the temperature is given by

S S 1/2 kTS I 1 (j+~)2 1/2
s_ S. k 1)2_(_L)2 = k S. (2)

T AE R AEI N, N, I AE N, e-2Akr

where ST is the resultant uncertainty in the temperature, R is the ratio of the fluorescences
from v'= I and 0 and SR'is the uncertainty in that ratio, and SN is the uncertainty in the
populations of v'= I and 0. Constants of proportionality have been omitted in progressing
from left to right. Since signal to noise is limited by the amount of population found in N,
the final form of Eqn. 2 was derived by assuming a constant uncertainty in the measurement
of N, and N0 , SN, and substituting an expression relating N, to temperature, vibrational
energy difference, and population transfer rates. Note that as population loss from quenching
or spontaneous emission becomes large compared to the vibrational transfer rate (Q+A > >
V) the uncertainty in the temperature increases. This can be seen in Fig. 4, in which the
fractional temperature uncertainty has been plotted against vibrational energy difference for
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three values of (Q+A)/V. Since Q and V are both pressure dependent while A is not, the
population of v'=1 becomes independent of pressure for Q > > A. This is illustrated
directly in Fig. 5, in which the normalized population of v'= I is plotted against the pressure
dependent ratio Q/A for a constant Q/V (which is pressure independent). Significant loss of
population starts to occur at a Q/A value of about one. Uncertainty also increases for large
AE,/kT since not as much population transfer occurs to v' = 1 at low temperature or for a large
energy difference (Fig. 4). For small AE/kT the decreased sensitivity also causes larger
uncertainty. Best performance is obtained for AEkT around 2. Variation in Q/V with
temperature, such as that found for OH in flames, also affects the sensitivity of the technique.
This is shown in Fig. 6, from which it can be seen that the variation in Q/V for OH reduces
the sensitivity of the technique by about a factor of two at 2000 K. In CVD systems this
effect is not expected to occur.

Parameters necessary for assessing the suitability of several candidate species for use
in vibrational THAF temperature measurements in silicon processing CVD flows in terms of
the considerations discussed above are shown in Table 1. The ratio AE/kT is listed for each
species for a temperature of 1000 K, and the pressure at which Q/A = I based on the
quenching cross-sections listed has been calculated. For Sill, SiO, and SiF a quenching
cross-section of I A2 for collisions with Ar is assumed due to the lack of available data.
With the exception of SiO, it appears that vibrational THAF should be feasible with these
species without a loss of signal strength of more than 50% down to pressures in the range
of 103 - 104 Pa. This comparison is based on differences in the radiative lifetimes (r.,) and
illustrates the effects of pressure. Increases in Q/A due to larger quenching cross-sections
will lower the pressure limits shown in Table I but will also result in lower absolute signal
levels since the populations in both v'=0 and I in the Q > > A limit are inversely
proportional to the quenching cross-section. Finally, it appears that the vibrational energy
spacing of these species is within acceptable bounds for the temperature range of interest,
with SiH probably the most attractive species based on the criteria set forth here.

TABLE I

Radiative lifetimes and quenching rates for some Si containing species.

Species AE (cm-') AE/kT ial r7,d=I/A (ns) o,4 (A') lNPa)(bi

OH 2993 s 2.1 693 It 0.42 (Ar)['6t 4.4 x 10'

6.5 (H2)17t' 8.0 x 102
SiH 1661 "i' 1.2 534 "s' 2.4 x 104
SiO 840 's 0.59 10-30 "51 t 7.0 x 10'
SiF 698 t .51 0.50 230 t1 ) . 3.1 x 104

t = I A2 assumed.
[a] for T =1000 K.
[b] for Q/A = I.
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CONCLUSIONS

Vibrational THAF thermometry using OH in flames has been demonstrated over a
wide range of conditions in premixed flames. It has also been shown that it is possible to
make OH THAF temperature measurements in a diffusion flame based on a calibration
performed in a premixed flame. This calihration takes into account changes in the collisional
quenching rate as flame conditions change, and is both the limiting factor in the accuracy of
OH THAF flame temperature measurements as well as a factor in reducing the sensitivity of
the measurements. In considering the application of this technique to CVD flows, it is not
expected that such a calibration procedure will be necessary, as collisions are primarily with
the carrier gas species. Based on consideration of the factors that limit the , nsitivity and
uncertainty levels of THAF thermometry and estimation of the relevant parameters for species
of interest, it appears that vibrational THAF thermometry should be feasible in CVD flows
down to pressures of 103 - 104 Pa or less.
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No. N00019911PB744R.
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IN-SITU OPTICAL EMISSION SPECTRA OF Ti. TiN AND TiSi 2 PLASMA DURING THIN
FILM GROWTH BY PULSED LASER EVAPORATION

S. Pramanick and J. Narayan
Dcpartment of Materials Science and Engineering, North Carolina Slate
University, Raleigh NC 27695.

ABSTRACT

The first optical emission spectra of Ti, TiN and TiSi2 plasma during
growth of thin films by pulsed laser evaporation has been reported. A KrF
exeimer laser (248nm) with pulsewidth of 45ns operating on 511z repitition
rate was used for deposition of refractory metal thin films using varying laser
fluence of 4J/cm 2 

to 15J/cm 2
. Most of the radiative species seen in plasma

belongs to atomic neutrals and ionic species such as Ti I. Ti II, Si I. Si I and N
1I. Emission spectra was mostly dominated by neutral and ionic emission from
Titanium (Ti I and Ti I1I.

INTRODUCTION

Pulsed laser evaporation (PLE) has emerged as the dominant technique
for growth of stoichiometric thin films because it has produced high Tc
superconducting thin films of better quality than those obtained by all other
deposition technique 11.21. In the last few years. PLE has been used,
increasingly, for the deposition of compound thin films such as TiN. TiSi2,
COSi2, BaTiO3, PbTiO3 etc. 13.4). Lately much of efforts in our group has been
devoted to the growth of TiN. TiSi2. CoSi 2 thin films. In ULSI processing,
silicides arc increasingly being used for S/D contact metallization and local
interconnects for polysilicon gate with TiN acting as a diffusion barrier. PL.E
has the aivantage of producing silicidcs 141 and TiN films with a very sharp
itterface 131, which is cssential for low junction leakage of submicron MOSFET.

The deposition mechanism involved in PLE is not very well understood.
Most of the experimental and theoretical research by groups working in this
field has been devoted to understand the mechanism involved in YBCO high Tc
superconducting thin film growth 15.6,71. In PLE. the physical processes of
thin film deposition can be divided into three regimes: 1) interaction of laser
beam with bulk target, 2) initial isothermal expansion, and 3) adiabatic
expansion of HT-HP plasma leading to the thin film deposition 151. It has been
now known that the YBCO and PrBCO plasmas consists of two components : 1)
neutral and ionic atomic beams with a high velocity component, and 2) a low
velocity component involving molecular species 161. This has been
independently confirmed by optical emission spectroscopy 161 and quadropole
mass spectroscopy 181, We have sludScd the optical emission from laser
produced plasma of Ti, TiN and TiSi2 during thit film growth to understand the
nature of growth by PLE and of the species present in these plasmas. It will he
of practical importance to be able to relate the quality of thin film growth
willt ite species present and with the complex transport processes invol,od in
pl ass,h, l nic.

Mat. Res. Soc. Syrnp. Proc. Vol. 250. '1992 Materials Research Society
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Figure 1. Schematic diagram for pulsed laser deposition and optical emission spectroscopy
setup.

A schematic diagram of the experimental setup is shown in fig, 1 We
have used bulk pellets of Ti. TiN and TiSi2 as targets for pulsed laser
evaporation, The optical emission was taken in the range of 200 to 90(nm
using an intensified diode array based optical multichannel analyzer (OMA). A
lambda physik excimer laser operating on 248nm (KrF) wavelength with 45n,,
pulscwidth was used for generation of plasma plume from the target Prior to
deposition of thin film, the UFIV chamber was evacuated to a base pressure of 2
x lP 7 

Torr. During the deposition, substrate temperature was kept at 600 C
We have used laser fluence of 51/cm'

2 
and a retpitition rate of 5111 during the

deposition of thin film. Emission from the plasma plume was collecled normal
to its forward direction using a 11V grade fibre optics cable with apcilurc of
2.1. connected to the input slit of the monochromator. The OMA and
monochromiator setup was calibrated using mercury()Hg) and krypton(Kr)
lamps.

RESULTS AND DISCUSSION

Optical emitssion spectra from Ti. TiN and TiSi2 plasma arc shosn in the
rangc of 2010 to 900nm in two segements in Fig.2, Fig A. and Fig 4. respet cI ,cl
As shown in Fig.2a, prominent lines in the emission spectra of Ti has been
assigned to atomic neutral and ionic species such as Ti I and Ii 11. respectiely.
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Fig. 2.a. Fig. 2.b.
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Figure 2. and Figure 3. Emission from laser ablation plasma during thin flim growth of Ti
and TiN, respectively.
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Individual peaks such as. at 3(17.3nm is assigned to Ti 11 (306.62nm. 307-29nm,
307.86nrn. 308.80 nmn). peak at 319.5nm to Ti I (318.64nm, 319.l9nm) and Ti It
(319.08rim), peak at 323.6nm to Ti 11 (323,45nm, 323.65nrri, 323.9Onm). peak at
334.7nrn to Ti I (334.I8nm) and Ti 11 (334.9Onm.334.94nm), peak at 345.4nm to Ti
If (344.43nrn. 346.15nm). peak at 350.5nm to Ti I (350,66nnm) and Ti 11
(350.48iinm. 351.08nm). peak at 375.3ntn to Ti I (37S-28nm, 375.36nm) and Ti I1
(375.93nmi, 376.I3nm), peak at 390nm to Ti I (390.47nm) and Ti If (390.05nm),
peak at 402.7nm to Ti I (402.45nm). peak at 417nm to Ti I (417.1m) and Ti 11
(417.t9nm), peak at 430.t6nm to Ti I (429.57nm,429.86nm.430.05nm.430-59nm).
and peak at 454.52nm to Ti I (453.32nm,453.55nm). In Fig.2b. prominent peaks
at 613.8nm, 646.3nm. 668.2nm. 700.4nm, 750.7nm. 779nm. and at 859.4nm are
due to the second order effect in the monochromator. The above emission lines
have bcen identified using standard spectroscopic tabtes [91, In Fig.3, apart
from strong Ti emission, possible nitrogen emission peaks has bcen identified
at 399.5nm (N 11). 417.6nm (Nil) and 44.7nm (Nil). Similarty, in Fig.4. apart
from abundant Ti emission peaks, emission due atomic silicon neutrals (Si 1)
and ionic (Si 11) species has been assigned to peaks at 334.7nm (Si 11). 385nm
(Si 11), 391 .67nm (Si I), 4t7nns (Si 11) and 505nm (Si Il)-

Emission due to Ti I and Ti 11 seems to dominate plasma emission from
both TiN and TiSi2. which is also energetically favorable. It should be noted

Fig. C.a. Fig. 4.b.t
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120 220 320 420 520 620 440 M4O 640 740 840 940

Nanome'ers Nanometers

Figure 4. Emission from laser ablation plasma during TiSi2 thin film growth.

here that first ioriz'ation energy for Ti (6.82 eV) is much smaller then both N
(14.54 eV) and Si (8.15 eV). During TiN deposition. wcak and broad molecular
fluroscence centred around 345nm has been detected as shown in Fig3a. which
is completely absent in Ti emission spectra shown in Fig~la. A bright visible
plasma can be seen during Ti and TiN deposition even at lower laser fluence
(less than 101/cm2). whereas faint visible plasma from TiSi2 can be only se
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at laser fluence of 15J/cm
2 

and higher. Emission linewidths for Ti and TiN can
he seen to be narrower than TiSi2 . This is because a 50 Itm slitwidih was used
for Ti and TiN, whereas a 250 ýtm slitwidth was used for TiSi 2 . Also, there is a
considerable amount of spectral overlap due to Si emission lines. Although
radiative emission due to Ti is dominant in the case of both TiN and TiSi2
plasma, RBS compositional analysis of deposited thin films have shown the
ratio of atomic concentrations of nitrogen to titanium is I at substrate
temnperatures above 400 'C and the ratio of atomic concentrations of silicon to
titanium is 2 [3,41. Measured resistivities are on the order of 150 paohm-cm for
TiN films and 18 gaohm-cm for TiSi2 films (3,4). In PLE deposition of Ti. TiN and
TiSi2 thin films, arrival of high energy atomic beams of Ti. N and Si at the
substrate is the dominant contributor to growth. Presence of molecular
compounds such as TiN and TiSi 2 were not found in the plasmas. We are unable
to detect any molecular emissions due to compounds such as TiN and TiSi2. For
PrBCO plasma . an abundance of Pr 2 0 3 in the plasma was supported by the
presence of strong Pr 2 0 3 molecular fluroscence 16).

The reason for lack of molecules such as TiN and TiSi 2 in plasma may be

due to the use of much higher laser fluence of 15 1/cm 2
. For PrBCO plasma, a

much smaller laser fluence of 1.5 1/.;m 2 
was used. Also, formation of Pr203 is

much more energetically favorable than formation of TiN and TiSi2 ( standard
heat of formation of Pr203, TiN and TiSi 2 are -444.5 Kcal/g-mole, -73 kcallg-
mo:, and -32 Kcal/g-mole. respectively, @ 300 K (91.). The emission linewidlhs
of neutral and ionic species of Ti and TiN plasma are almost same, which arc
broadened due to stark broadening seen in high density (-1018 cm-

3
) laser

plasma. It can be presumed that the temperature of plasma is about - 10.000
Kelvin, which has been measured for similar laser induced plasma using
similar energy density. We were unable to mesaure the plasma temperature
using local thermal equilibrium approximation 110) as our emission spectra
arc intregrated spatially between target and substrate.

CONCLUSIONS

We have presented emission spectra of Ti, TiN and TiSi2 plasma during
growth of thin film by pulsed laser evaporation. Arrival of high energy
elemental atomic beams at the substrate have been found to play the most
important role during the growth of TiN and TiSi2 thin films. Emission due to Ti
neutral and ionic species seems to dominate emission spectra of Ti, TiN and
TiSi 2 plasma. RBS compositional analysis showed stoichiometric growth of TiN
and TiSi 2 , even if emission due to nitrogen and silicon ions arc very weak.
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MOLECULAR PRECURSORS TO BORON NITRIDE THIN FILMS:
THE REACTIONS OF DIBORANE WITH AMMONIA AND

WITH HYDRAZINE ON Ru(0001)

Charles M. Truong, Jos6 A. Rodriguez, Ming-Cheng Wu and . W.Goodiman
Texas A&M University, Department of Chemistry,
College Station, Texas 77843-3255

ABSTRACT

The coadsorption and reaction of diborane with ammonia and with
hydrazine on Ru(0001) have been studied using X-ray photoelectron spectroscopy
(XPS) and thermal desorption mass spectroscopy (TDS). Diborane is found to
decompose to atomic boron and hydrogen upon adsorption at T>200K.
Multilayers of diborane and ammonia, deposited at 90K on Ru(0001), react when
annealed to 600K. The XPS results indicate that boron-nitrogen adlayers can he
formed by this reaction. These boron-nitrogen films are boron-rich and decompose
at temperatures higher than 1100K. Our TDS studies reveal that hydrazine
decomposes extensively to NH3, N2, N and H on Ru(OO01). Due to its higher
reactivity, boron-nitrogen films of B/N stoichiometric ratio near unity are obtained
when hydrazine is used rather than ammonia. In our studies, these films were
formed by either simultaneously dosing B2A6 and NH 4 at 450K or by coadsorption
of the reactants at 90K and subsequent annealing to 450K. These studies have
shown that diborane and hydrazine can be successfully used as molecular
precursors in the low temperature deposition of boron nitride thin-films.

INTRODUCTION

Boron nitride thin films have found widespread industrial applications
because of its unique combination of chemical and physical properties. This
material has low density, good thermal conductivity, excellent chemical inertness
and electrical resistivity. Thin films of boron nitride have been employed as
dielectrics in the electronic device technology and as hardness coatings for machine
tools [1,2]. Boron nitride thin films are commonly produced by pyrolysis or by
plasma decomposition of mixtures of boron halides or hydrides with nitrogen or
ammonia 13,4].

In this present work, we study the interactions of diborane with ammonia
and also with hydrazine on Ru(0001) surface using thermal desorption mass
spectroscopy (TDS) and X-ray photoelectron spectroscopy (XPS). Diborane and
ammonia are used as volatile chemical precursors to BN thin films prepared in
most thermal and plasma-enhanced chemical vapor depositions (CVD and PE-
CVD) (5,6]. However, to our knowledge, no CVD or PE-CVD system has been
reported that utilize diborane and hydrazine as reactants.

Mat. Res. Soc. Syrmp. Proc. Vol. 250, 1992 Materials Research Society
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EXPERIMENTAL

The experiments were carried out in an apparatus described in reference
[7]. This apparatus consists of a ultra high vacuum chamber (ultimate pressure <
5xl01 torr) equipped with a hemispherical electron analyzer for XPS and Auger
spectroscopy, LEED screen and a quadrupole mass-spectrometer for thermal
desorption mass spectroscopy. The Ru(0001) sample was spot-welded to a
manipulator which was capable of resistive heating to 1500K and electron-beam
heating up to 2400K. The sample can also be transferred to an attached high
pressure reaction cell. All XPS spectra presented were recorded with Al Ka
radiation. All XPS and Auger detections were normal the sample surface. The
sample temperature was monitored using a W-5%Re/W-26%Re thermocouple
which was spot-welded to the back side of the sample. The Ru(0001) crystal was
cleaned using the procedure reported in the literature [81. C, N and B were
removed from the surface by heating in 5x10-8 torr of 0, at 1100K for 5 minutes,
followed by electron beam heating to 1650K. This procedure was applied until the
impurities were below the detection limit of our XPS and Auger spectrometer.

RESULT AND DISCUSSION

Diborane Adsorption on Ru(0001)

The thermal desorption spectra of figures 1,2 and 3 describe the adsorption
and decomposition of diborane on Ru(0001). As can be seen in figure 1
(m/e =27), very low diborane exposures did not lead to any molecular desorption
until I Langmuir was reached. The features seen in the range 250 to 400K can be
assigned to monolayer desorption which saturates at 2 Langmuirs. At larger
exposures, a physisorbed state was observed to grow at 150K. Below 2 L the H,-
TDS spectra of figure 2 display a feature around 380K, similar to that of hydrogen
desorption from clean Ru(0001) [9]. This feature likely originates from the
associative desorption of adsorbed atomic hydrogen (2 Ha - H2 ) rather than from
B-H bond scission. At larger exposures, these spectra closely fAolow those of
molecular diborane TDS and hence likely result from the cracking of diborane in
the mass spectrometer.

TDS 1 TS TO{o~o• [t B;H6 •orn BH6/ T000l

S~BIRl(O)001 ). - •,

00500 1. 00H2 A... . . . .•. .

61. EXPOSURE S 0A .

IaL
561. O.L 01.306L

0,25. 021

'100 .40 300 '1W SW 0 " 70 100 200 300 -100 500 610 o00 700 600 900 1000 11.00 1200 130o
TEMPERATURE, K TEMPERATURE, K TEMPERATURE, K

Figures 1. 2 andI2 Thermal desorption spectra of diborane following exposures at 100 K.
(H2-TDS is with m/e= 2; B2H6 with m/e-ý27; B with m/e=l i)
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The decomposition of diborane deposited atomic boron on the Ru(0001).
After exposure of diborane at 90K& and subsequent annealing to 450K& atomic
boron was the only species on the surface. As shown by the B-TDS spectra of
figure 3, no boron desorption was seen for exposures less than 0.5 L. At larger
exposures, boron desorbed partially, consistently leaving about 0.2 ML on the
surface after heating to 1500K. The top curve for a saturation coverage of boron
(1.1 ML) was obtained only by dosing diborane at temperatures higher than 450K.

Diborane and Ammonia Adsorption on Ru(0001)

Shown in figure 4 are thermal desorption spectra taken in one of our
diborane and ammonia coadsorption experiments. We have found from the above
studies that diborane decomposed very readily on Ru(0001) surface at very low
temperatures. To minimize this reaction channel which competes with the 5urface
reaction between diborane and ammonia, we covered the Ru(0001) surface with
ammonia at 90K prior to diborane exposures.

In the experiment shown in figure 4, we dosed 2 ML of ammonia to the
Ru(0001), followed by 1.5 ML of diborane, at 90K. The NH 3-TDS shows a new
feature at 450K which has not been seen for ammonia on clean Ru(0001). The
desorption states below 450K are similar to those seen for ammonia desorption
from clean Ru(O001): multilayer at 110K, second layer at 135K and monolayer at
285K [101. In addition, the H2-TDS shows a new feature near 500K which
coincides with a N, desorption. This N2 TDS is similar to the recombinative
desorption of atomic nitrogen from clean Ru(0001) [111. This simultaneous
desorption of H2 and N2 is strong evidence for the decomposition of a NH, species
on the surface. Since ammonia adsorbs molecularly on Ru(0001), these spectra
suggest a direct reaction between ammonia and diborane.

Ni

MeO 200 300 ýo0 Soo 600 700 goo its 19 I,e It s.. 1et 1e 1 Ml "oI) • • 0 o o •7I
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Fgr4 Thermal desorption spectra following F~igu~re. 5 B(ls) and N(Is) XPS
diborane coadsorption with ammonia at 100 K. The spectra of 1.5 ML diborane with 3
sample was pre-covered with 2 ML of ammonia, ML of ammonia precoverage.
then 1.5 ML of diborane was added.

u i ii I I I II 0I I l t



Repeating this experiment and using XPS, we obtained the spectra of figure
5. The B(ls) and N(1s) spectra (a) indicate no reaction at 90K. Heating to 200K
leads to desorption of the physisorbed ammonia and diborane. The B(ls)
spectrum shows a new feature (less than 187 eV), lower than chemisorbed
diborane. On the other hand, the corresponding N(ls) spectrum shows a feature at
higher binding energy (401.5 eV). These shifts suggest the formation of an amino-
borane adduct on the surface at this temperature. Further heating lead to an
boron-nitrogen adlayer (eB=0.38 ML, p0,=0.22 ML) which is stable at
temperatures up to I100K. The B(ls) and N(ls) binding energies, 189.4 eV and
399.0 eV respectively, are close to those reported for boron-rich boron nitride thin
films [1].

Hydrazine Adso.rption

Hydrazine adsorption and decomposition on Ru(0001) is shown in the
thermal desorption spectra of figure 6. Our results show that hydrazine
decomposes into ammonia, hydrogen and nitrogen. Ammonia and hydrazine are
the only nitrogen-hydrogen compounds seen desorbing from the substrate. Other
nitrogen-hydrogen species were found to result from the cracking of N2H, and NH 3
in the mass spectrometer.

The H2-TDS of figure 6 show peaks at 185, 320 and 425K. The peak at
185K appears simultaneously with the N2H4 desorption and is probably a result of
the cracking of hydrazine in the spectrometer. The peaks appearing between 200
and 450K are from the decomposition of chemisorbed hydrazine. The peak at
320K is probably from the associative desorption of hydrogen atoms since it is very
similar to H2 desorption from hydrogen adatoms on Ru(0001) [9]. On the other
hand, the peak at 425K is rate-limited by the scission of N-H bonds in a NH,
species. TOS N(10) n

. N2NHi4/RU(0001) 1 N2 H1,Ru(O001)

00.5 /
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Figiw 6 Thermal desorption spectra Figure N(ls) XPS for 5 ML of
for multilayers of hydrazine dosed at hydrazine dosed at 90 K, and at
90 K. indicated annealing temperatures.
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The NH 3 desorption peak at 225K was accompanied by simultaneous
desorption of N2. Since ammonia desorption from Ru(OO01) does not have a sharp
feature at 225K [1( ], molecularly adsorbed nitrogen desorbs below 130K [121 and
adsorbed nitrogen atoms recombine and desorb at temperatures from 500K to
800K (see below), we attribute these N2 and NH3 features at 225K to a nitrogen-
hydrogen adspecies (NH,). This NH. species decomposes at this temperature to
produce N2 and NH 3 which desorb from the surface. Other NH 3 peaks (at 190K
and 285K) are consistent with TDS results reported in the literature. In figure 7,
we show the N(ls) XPS of 5 ML of hydrazine on Ru(0001) at 90K which is
centered at 401.4 eV. At 200K, the hydrazine multilayer desorbs and the
chemisorbed species gives a spectrum with two overlapping peaks. The higher
binding energy (400.1 eV) component corresponds very closely to our observed
spectrum for chemisorbed ammonia on Ru(0001). The lower component, centered
at 399 eV, probably belong to partially decomposed hydrazine. At 350K, the N(Is)
peak is at 397.9 eV, similar to the value reported for an NH (imide) species on
metal surfaces 1121. At 450K, only atomic nitrogen whose N(Is) core-level is at
397.2 eV, remains on the surface.

Diborane and Hydrazine Adsorption on Ru(0001)

In figure 8, we show B(ls) and N(is) XPS spectra taken after coadsorbing
multilayers of B2H6 and N2H4 at 90K. 1.5 ML hydrazine were first dosed on
Ru(000I), followed by 1.5 ML of diborane, 1,5 ML of hydrazine and finally
another 1.5 ML of diborane. At 90K& the peak positions correspond to values of
multilayers of hydrazine and diborane. After the desorption of the multilayers at
200K, N(ls) feature has a component at higher binding energy than seen for
physisorbed and chemisorbed N2H4. The B(ls) spectrum also differs from that of
chemisorbed diborane. This suggests that there is a reaction between hydrazine
and diborane. Further heating to 1100K centers the B(ls) peak at 190.5 eV and
the N(ls) peak at 398.6 eV. These peak locations are very near to values reported
for boron nitride [13]. The overlayer was found to compose of 0.96 ML of B and
0.92 ML of N.

B(13) XPS NtIS) XPS B(ls) XPS" NIbs) XPS
o 0HeN2H.,u,(000b) 8 N2Ho t N2H4+83H6/ NH 4 +B2HN
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9.00K~.1 0.0K 450K
90K0

195 593 1.0t 189~g 27 15 407 401 003 401 3o9 397 I9 5 1913 191 189 187 185 400 403 401 399 397 395

BINDING ENERGY, eV BINDING ENERGY, eV

Figure 8 B({s) and N(ls) XPS Figure B(Is) and N(ls) XPS
spectra for diborane coadsorbed with spectra for diborane reacting with
hydrazine at 90 K. hydrazine at 450 K.
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In a different set of experiments in which diborane and hydrazine were
ýubvtl' •nu!,an,,.z,.,y at 159K, býrri-nitrogen ad!avers were produced with B/N
ratios varying from 0.6 to 1.8. Figure 9 shows the N(ls) and B(ls) spectra taken in
these experiments. At 450K, the film showed a composition of 0.87 ML of B and
1.36 ML of N. At 1100K, the excess in nitrogen is removed and the composition is
0.84 ML of B and 0.81 of N. Further heating to 1300K led to an adlayer with
0e=0.61 ML and ON=0.59 ML.

CONCLUSION

We have found that diborane decomposes very readily on Ru(0001). When

coadsorbed with ammonia on Ru(0001) surface, diborane react. t, form a boron-
nitrogen adlayer which is boron-rich likely due to the stability of ammonia. It was
also necessary to pre-cover the Ru(0001) surface with ammonia prior to t.h
diborane exposure, in order to minimize diborane decomposition on the surface.

Near Stoichiometric boron-nitrogen films were formed on Ru(0001) when
hydrazine was reacted with diborane likely due to the higher reactivity of
hydrazine.
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ABSTRACT

A novel near-room temperature CVD process has been developed using H-atoms
reaction with WF6 to produce tungsten and tungsten oxide films. The chemical, physical and

electrical properties of these films were studied. Good adhesion and low resistivity of W films
were measured. Conformal W03 films were obtained on columnar tungsten using a small

amount of molecular oxygen in the gas stream. A reaction mechanism was evatudied on the
basis of experimental results. The advantages of the method include deposition of adherent
films in a plasma-free environment, near-room temperature, with a low level of impurity.

INTRODUCTION

The development of chemical vapor deposition (CVD) has recently progressed to

point where low-temperature preparation of a wide variety of materials must be considered
necessary. As microelectronic technology advances with device features in the submicron

range, new metallization materials and processes are needed. For ultra large-scale integration
(ULSI) metallization applications, these materials must have low resistivity, low contact

resistance, high electromigration resistance, good adherence and step coverage and
conformality. In order to satisfy these requirements, the refractory metals (tungsten in
particular) as well as their disilicides are of interest [1-5]. Deposition of tungsten and other

materials at relatively high temperature could result in undesirable diffusion and redistribution

of materials to unwanted areas. Hence, there is a need for low-temperature deposition

technology for ULSI applications.

In the present investigation, the deposition of tungsten and tungsten oxide have been
studied using hydrogen atom reaction with tungsten hexafluoride. In this process, atomic
hydrogen has been generated and reacted with tungsten hexafluoride to deposit W and W03

films at near-room temperature, The conventional W deposition process has used molecular
hydrogen to react with WF6 in the temperature range of 300-600 *C. The objective of this

research was to investigate the gas phase reaction between H-atom and WF6 and characterize

the deposited films in order to optimize the deposition conditions. Atomic absorption

spectroscopy was used for the in-situ measurement of W-atoms during deposition and results
of these measurements provided a basis for the reaction mechanisms.

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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EXPERIMENTAL PROCEDURE

TI ng,;en and tungsten oxide thin films were prepared in a horizontal atom-. ssisted

CVD system. Apparatus for this work was described previously [6). The pressure of the

deposition was typically in the range of 0.01 to 1.0 mm Hg. Hydrogen atoms (10-20%) were

produced upstream of the deposition chamber in a U-shaped discharge tube which operated at

400-500 watts and up to 6000 volts A.C. The concentration of hydrogen atoms was indicated

by a thermistor placed in the middle of the deposition chamber. Since the resistance of the

thermistor decreases with increasing temperature, the heat of recombination of H-atoms on the

thermistor could be readily used as a semi-quantitative monitor for 11-atom concentrations.

The process gases used were: tungsten hexafluoride (99%); hydrogen (99.99%); and

argon (99.99%). Tungsten hexafluoride (2-10%) was diluted in argon and the mixture was fed

into the reactor at 0.04-0.4 cm 3/s. Pure hydrogen, or hydrogen mixed with argon was fed into

the discharge tube at 0,5-2.5 cm 3/s. For W03 deposition, oxygen was applied to the mixture

using a few percent air and deposition continued on a previously deposited W film. Films of

tungsten were deposited onto single-crystal silicon, TiN/Si, Si0 2, glass and Teflon substrates.

These substrates were in the size of 4-10 cm 2. Substrates were cleaned by the standard "RCA"

cleaning procedure [6]. The system was evacuated to a base pressure of 10-6 mm Hg and the

substrates were then given a few minutes exposure to the hydrogen atoms for further cleaning.

The film thickness was determined by Dektak profilometry, scanning electron

microscopy (SEM) cross section pictures and Rutherford backscattering spectroscopy (RBS).

Surface morphology was inspected by SEM. Chemical composition of these deposited films

was examined using an Auger electron spectrometer (Perkin-Elmer PHI 545C) and RBS.

Partic!? induced X-ray emission (PIXE) was also used to determine the composition of W

films by RBS. Tungsten oxide film was examined by electron spectroscopy for chemical

analysis (ESCA) using a Surface Science SSX-100 small spot ESCA spectrometer. An X-ray

diffractomer (Philips, model 160-143-00) was used for X-ray diffraction (XRD) studies.

Sheet resistance measurements were carried out using a four-point probe (Veeco, FPP- 100) at

room temperature.

Atomic absorption was used to measure tungsten atoms in-situ in the deposition

system. A monochromator consisting of a photomultiplier and a RCA (IP28A) photomultiplier

tube was used for measuring W-atoms at the resonance line at 354.52 nm. A tungsten hollow

cathode lamp (Fisher, type 14-386-107) emitted light which passed through the reactor and

was focussed on the monochromator.

RESULTS

The average deposition rate for W deposition was 180-240 A/min. SEM micrographs

of these W films showed a uniform and fine- grained surface. The SEM cross-section of these

films illustrated that columnar-like W films adhered well to the substrate with no indication of
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porosity. SEM micrograph of the W03 films revealed a continuous, conformal blanket-like

coverage with no observed crystalline structure.

XRD patterns showed that the W films were crystalline. Tungsten films deposited at

low pressure (0.035-0.5 mm HIg with or without argon as a dilute gas) were normally present
in the ot structure shown in Figure 1. For those tungsten films deposited at higher pressure

(ca.. 1.0 mm Hg with argon 50% as a dilutant), XRD patterns indicated mixed a and j3 phases

(see Figure 2).

A. [ A

Figure I. XRD Patterns of W deposited Figure 2. XRD Patterns of W deposited
at low pressure (0.035 mm Hg). at low pressure (1.0 mm Hg).

Auger electron spectroscopy depth profiling of a number of deposited W films showed

that these films were almost pure tungsten in bulk form with just traces of carbon and oxygen.

A typical AES spectrum is shown in Figure 3. The surface of the films contained an

appreciable amount of oxygen indicative of a surface oxide by AES depth profile

measurements. The RBS spectra of several samples were studied and results of these samples

gave no indication that tungsten diffused into silicon or silicon diffused into the tungsten film.

Particle induced X-ray emission (PIXE) was also used for analyses of the deposited W films as

part of RBS experiments. Figure 4 shows a typica.' PIXE spectrum of deposited tungsten film

on a silicon wafer. The real and simulation overlay spectra indicated both W and Si
characteristic peaks were present in the spectrum. W03 layer (ca. 2500 A) on tungsten was

examined by ESCA and the analysis corresponded to a stoichiometric atom ratio of tungsten to

oxygen of 1:3.

The resistivity obtained from these tungsten films is in the range of 9-33 pfl) cm. For

W film thickness greater than 2000/A, .esistivity was approximately 7 gaQ cm, which is close

to the bulk resistivity (5.5 [dI cmi),

Free tungsten atom presented in the gas phase reaction region above the substrate were

measured by atomic absorption spectroscopy. Based on the measurements, the concentration
of tungsten atoms was approximately 1010- 101 I/m3.

- i I I i
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Figure 3. AES spectrum of tungsten film deposited at near-room temperature.

SAa

Figure 4. PIXE spectrum of tungsten deposited on silicon.

DISCUSSION AND CONCLUSION

Tungsten and tungsten oxide films have been deposited on various substrates including
Teflon at near-room temperature. These reactions were taken place in a plasma-free

environment.
The chemistry of the conventional CVD of W films may be summarized by the overall

reaction:
WF6 + 3 H2 ------ > W(g) + 6 IIF

AH = + 225.7 Kcal/mol.

Using the thermodynamic data 17,81, shown in Table I. the enthalpy of this reaction
was calculated to be endothermic.
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Table 1. Thermodynamic Data Related to IV Formation

Enthalpies Al! f 0(kcal/ntol)

W-F6(g) -411.5

H-F(g) -64.8

W(g) 203

52.1

Bond Strength (kcallmol)
WF5-F 131±15

W-F(average) 121

H-F 135.3

F-F 37.8

H-11 104

In the process rep•)rcd here, the tungsten hexafluoride is reduced with Ht-atoms and the

overall reaction can be written as:
WF6 + 6 H- ----- > W(g) + 6 1F

All - 86.9 Kcal/mol.

The enthalpies of these reactions indicated that the overall H-atom reaction with WF 6 is

an exothermic reaction, while that for the molecular hydrogen reaction is endothermic.
The Gibbs free energy for these reactions can also be calculated with the AG' data

listed in the JANAF table 191. For molecular hydrogen reduction:
WF6 + 3 H2 ------ > W(g) + 6 HF

at 298K. AGr= + 199,63 Kcal;rnol,

at 700K, AGr° = + 144, 19 Kcalim)ol

However, the atomic hydrogen reaction in the gas phase gives:
WF6 + 6 11 ------ > W(g) + 6 HF

at 298K, AGrO = -101.88 Kca!/mol.
From these calculations, the Gibbs free energy is aiso favored for the fl-atom reaction

with WF6 at near-room temperature. Notice here, the individual reaction of six 1l-atoms

occurring should be considered rather than the overall reaction. However, data for each

reaction are limited and these individual calculations can not be made at this time.

Since W-atoms (10o- tIot /cm 3 ) were measured during the deposition the mechanism
of the reaction could be described as the following:

IH + WF6 ------ > WFS + 11F

11 + WFn ----- > WFn-I + Iti (n=5, 4, 3. 2)

11 + WF ------ > W(g) + [IF
W(g) ------ > W(s)

All of these reactions were estimated to be exothermic,
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The primary reaction producing the tungsten oxide was assumed to he occurring in the

gas Va•e according to the equation:

W+0 2 .--. >WO+O
This reaction is exothermic. The WO could then be oxidized in subsequent steps either on the

surface or in the gas phase, or both.

The advantages of the method reported here are (1) deposition takes place in a plasma-

free environment; (2) film deposits at near-room temperature; and (3) a low level of impurities

results in high-quality adherent films. This low-temperature atom-assisted chemical vapor

deposition (AACVD) method is suggested as a possible alternative to prepare materials, w.here

molecular hydrogen is normally used as a reducing agent for depositions at relatively high

temperatures. This method of producing the oxides may be applicable to other oxides which

are of interest for various applications in integrated circuit manufacture.
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EFFECT OF PROCESS CONDITIONS AND CHEMICAL COMPOSITION
ON THE MICROSTRUCTURE AND PROPERTIES OF CHEMICALLY

VAPOR DEPOSITED SiC, Si, ZnSe, ZnS AND ZnSe,,Se 1

MICHAEL A. PICKERING, RAYMOND L. TAYLOR, JITENDRA S. GOELA AND
HEMANT D. DESAI, Morton International, 185 New Boston Street, Woburn, MA
01801

Su-topei resr hmclva p o r deposition (CVD) processes have

bee deeloed o podue teorticllydense, highly pure, void-free and large

are buk mterals Si, S, Z~eZnSand ZnS,,Sel.,,. These materials are used
foroptcaleleent, sch s mrros, enses and windows, over a wide spectral

In tis ape wedisusstheeffect of CVI) process conditions on the
micrstrctue ad poperiesof hes maerias, ithempasi onoptical

peroranc. n adiio, w dscus heeffect ochmalopsionon the
properties of the composite material ZnS. Set,

We first present a general overview of the bulk CVI) process and the
relationship between process conditions, such as temperature, pressure, reactant
gas concentration and growth rate, and the microstructure, morphology and
properties of CVD-grown materials. Then we discuss specific results for CVI)-
grown SiC, Si, ZnSe, ZnS and ZnS..Se..

INTRODUCTION

Chemical vapor deposition (CVI)) is a well known process to produce
theoretically dense crystalline materials for a variety of applications [1-41). This
process has been used to produce metal films (W, Al, Mo, Au, Cu, Pt) for protective
coatings f 1-5); ceramic materials (Al2O, TiC, SiC, B 41C. TiB2, HfC, HfN) used for
hard or diffusion barrier coatings [6-1 1]; semiconductors (GaAs, GaP, lnP, PbS, Si)
with required doping [12-16]; refractory oxides (ZnO,) used for thermal barrier
[6,171; films (BN, Po.,Si,, SiC, B4C) for protection against corrosion 118-201;
powders (SiN 4, SiC) used to fabricate complicated shaped parts by sintering or
hot-pressing [1]; materials (Si, GaAs, HgCdTe, CdZnTe) for solid state and energy
conversion devices [21-24]; fibers (B, BC, SiC) used to fabricate composite
materials [24]; transmnissive infrared optical materials (ZnSe, ZnS, CdS, CdTe,
ZnS.Se1 -,) [25-31]; and monolithic ceramic materials (Si,,N4, SiC, Si) 132-411.

Five major types of products have been made via CVI) technology. These
are fibers, thin film coatings, powders, monolithic structures and composites.
While there has been much CVI) technology development and understanding for
the first three types of products, less attention has been directed toward
monolithic and composite materials. However, recently there has been a growing
interest in developing CVI) technologies to produce monolithic optical substrates
and structural ceramic composite materials.

The CVD process is capable of producing theoretically dense, high purity
and homogeneous materials. This, combined with the fact that the process is
readily scalable, makes it attractive for producing high performance optical

Mat. R~es, Soc. Symp. Proc. Vol. 25a. t992 Materials Research Society



I

146

I
elements. These elements must be fabricated to optical tolerances, be capable of
polishing to high surface finish (0 20 A RMS) and exhibit good optical homogeneity
over large areas. Other technologies to fabricate large area crystalline materials
such as sintering and hot-pressing produce less homogeneous materials which are
not theoretically dense. Although single crystal technology can produce materials
with the desired properties, this technique is not readily scalable to large areas,
i.e., up to 1-2 m in diameter.

GENERAL DISCUSSION OF CONTROL OF MATERIAL PROPERTIES

Properties of CVD materials can be controlled by adjusting process
parameters such as pressure, reactant concentrations, flow rates, deposition
geometry, gas temperature, and substrate material and temperature. The most
important parameter which controls the properties of the deposited material in a
CVD reactor is the deposition temperature. At sufficiently low temperatures, the
deposition is kinetically limited and shows a strong dependence on the
temperature as shown in Figure 1. The rate determining step in this regime may
be either the nucleation or the decomposition of the absorbed reactant species on
the surface. Relatively uniform thickness profiles are obtained in the kinetically
limited regime, provided the gas and substrate temperature is uniform throughout
the deposition zone of the CVD reactor. Many CVD reactors used to produce
electronic devices, where deposition thickness uniformity is important, are
operated in the kinetically limited regime.

When high growth rates are more important than thickness uniformity, the
CVD reactor can be operated in the mass transport limited regime. Here the rate
determining step is diffusion or transport of the reactant gases to the substrate
surface. This occurs at higher temperatures (see Figure 1), and because the trans-
port phenomenon is relatively independent of temperature the deposition rate does
not change much as the substrate temperature is varied. In the mass transport
limited regime, the deposition thickness profile depends on the flow pattern of
thereactant gases. Therefore, it is important to understand and control the flow
in the reactor in order to obtain fairly uniform growth over large areas.
Monolithic materials are usually produced in CVD reactors operating in the mass

(NTC MASS TRANSPORT TH-EIIMIOOYNAMICS
IIMIT(O L'MIT ED 'A IMIT.

I EMPE IIA TUR E

Figure 1. Different reaction regimes in a CVD process involving an exothermic
(A G < 0) reaction to produce crystalline materials.
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limited regime. The CVD grown materials discussed in this paper, i.e., SiC, Si,
ZnSe, ZnS and ZnS8Se,.,, were all grown in hot-wall CVD reactors operated in the
mass transport limited regime.

At high temperatures the net reaction rate decreases as a function of
temperature for an exothermic reaction. In this regime, where the reaction rate ib
thermodynamically limited (see Figure 1), the free energy of the reaction, AG,
increases with temperature, i.e., becomes less negative, reducing the driving force
of the reaction. Epitaxial or single crystal growth is usually performed in this*
regime, where the reactants and products of the reaction are essentially at or near
equilibrium (AG=0) with each other. For endothermic reactions (AG is positive),
the net reaction rate increases with temperature in the thermodynamically limited
regime, because AG decreases with temperature. If AG becomes very negative, a
gas phase reaction becomes more likely, and if it occurs, produces a powder
deposit instead of a crystalline material. At very high temperatures, AG can
become positive for an exothermic reaction and instead of deposition, etching can
occur.

The structure of the deposited material can be controlled by varying the
substrate temperature and reactant gas concentration [1]. In general, for an
exothermic reaction (AG is negative), as the temperature increases, the structure
of the deposited material changes from a gas phase nucleation powder, to fine
grained polycrystals, to dendrites, to epitaxial growth. The dependence on
reactant gas concentration is the opposite, i.e., as the gas concentration increases,
the structure changes from epitaxial growth to gas phase nucleation powder at
very high reactant gas concentrations. Therefore, the two most important
parameters which control the microstructure, morphology and grain size of the
deposited material is the deposition temperature and reactant gas concentration.
For bulk CVD materials, a fine.grained polycrystalline structure is generally
preferred because good material uniformity and high strength is obtained with
this structure at a relatively high deposition rate. High strength and material
property homogeneity are especially advantageous for optical applications, along
with good polishability which is obtained on theoretically dense, fine-grained
materials.

The CVD polycrystalline structure consists of columnar grains possessing
some degree of preferred orientation. This preferred orientation, which is more
prevalent at high deposition temperature and low reactant gas concentrations,
develops even though the substrate surface is randomly oriented. Preferential
growth of certain crystallographic planes at the expense of less favorably oriented
grains occurs during deposition [1]. Generally speaking, the grains become more
oriented as the growth thickness increases. Therefore, in most CVD materials the
growth starts randomly and becomes more oriented with time (and thickness).
For optical applications it is desirable to have the grains randomly oriented, since
this produces a more homogeneous and isotropic material at a macroscopic scale.
Although completely random grain orientation is not easily achieved in CVD
processes, one can choose conditions which are less favorable to oriented growth.

Some control of mechanical properties can be achieved by adjusting the
CVD process parameters. The fracture toughness and strength of a polycrystalline
material is inversely related to the square root of the grain size [10,42].
Therefore, to produce a high strength material one must adjust the CVD
conditions to produce a fine-grained material. However, there is some minimum
grain size where the fracture toughness and strength reach a maximum. This
maximum point varies from material to material. However, a good rule-of-thumb
is that for brittle materials this maximum occurs at an average grain size of 1-10
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prm. For example, this maximum is reported to occur in CVD-SiC at an average
grain size of = 3 pm [10]. In general, as the deposition temperature decreases or
the growth rate increases, the grain size decreases. More specifically, fine-grained
CVD materials are produced by maximizing the parameter, J/DNo, where J is the
incoming reactant gas flux (atoms cm 2 s '), D is the surface diffusion coefficient of
the adsorbed atoms (cm 2 sa-) and No is the number of surface sites per cm' [32,431.

Most crystalline materials have more than one stable crystal structure. For
example, SiC, ZnSe and ZnS all have cubic (0) and hexagonal (a) crystal
structures which are stable over a wide temperature range. In general, either or
both of these crystal structures can be present in the CVD grown material. For
most optical applications, it is desirable to produce a phase pure material to
minimize stress, reduce property inhomogenieties and provide a single phase
material for polishing. Since most of the thermal and optical properties, such as
thermal conductivity, thermal expansion, thermal stability, refractive index and
extinction coefficient are isotropic in cubic (() crystals, this structure is preferred
over the hexagonal (a) structure in optical applications. By appropriate
adjustment of the CVD process parameter. one can obtain a relatively phase pure
(Ž 95%) material.

Properties of CVD materials can also be controlled by incorporating
appropriate dopants or a second chemical phase in the material. Dopants or a
second chemical phase are usually incorporated by adding an appropriate amount
of a volatile compound to the carrier gas stream along with other reagents. Since
the deposition occurs on a molecular scale, layer by layer, the dopants and/or
second phase are dispersed uniformly through the material as it grows. For
example, manganese doped layers of ZnS and ZnSe have been produced for
applications as optoelectronic devices [44]. Also, doping of ZnS and ZnSe with
excess zinc, indium or aluminum has been proposed as a technique to obtain
conducting layers of ZnS or ZnSe [45,46]. When a second dispersed phase is
incorporated in CVD materials, the resulting composite may or may not possess
properties which fall in between the properties of the two phases. Examples of the
former include alloys ZnSSe [25,47] and CdZnTe [22,48] and those of the latter
include composites SiC-TiSi 2 [491 and Si3N4-TiN (50,51].

DISCUSSION OF SPECIFIC PROCESS-PROPERTY RELATIONSHIPS

In this section we discuss specific process-property relationships for bulk,
monolithic, CVD grown SiC, Si, ZnSe, ZnS and ZnS.Se.. All of these materials
have been grown using a low pressure CVD process in hot-walled CVD reactors at
Morton International Inc./CVD Incorporated (ML/CVD). These CVD production
reactors are capable of producing large area, i.e., up to - 5 in2, bulk material up to
= 8 cm thick in a single deposition. These materials were first developed in small
research CVD reactors and subsequently scaled to large production reactors. The
primary use of these materials commercially has been as optical components for
applications ranging from the VUV to the IR regions of the electromagnetic
spectrum.

CVD Silicon Carbide

CVD-SiC has been identified as a leading mirror substrate material for a
wide variety of optical applications because of its properties, which include high
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thermal conductivity, high stiffness, low CTE and excellent polishability. For
many applications, it is important to know the temperature dependence of the
thermal conductivity over a wide range and to establish the relationship between
grain size and thermal conductivity.

The thermal conductivity of electrical insulators and semiconductors is
determined by two main factors, the harmonic and anharmonic phonon-phonon
interaction and the scattering of the phonons by the crystal boundaries. The
phonon-phonon interactions dominate at high temperature and the scattering of
the phonons by crystal boundaries dominates at low temperature. For
polycrystalline materials, such as CVD-SiC, the thermal conductivity at low
temperatures should be proportional to the grain size of the individual crystallites
[52]. Recently, we have experimentally established the relationship between the
grain size and thermal conductivity of CVD-SiC [531. This was done by first
depositing SiC at different temperatures in a CVD process involving the thermal
pyrolysis of methyltrichlorosilane in excess hydrogen and argon. By changing the
deposition temperature over a narrow range (1300-1350 C) and adjusting the CVD
growth parameters, we were able to produce material with varying grain size
without altering the crystal structure (cubic) or the chemical composition of the
deposited material.

The average grain size, thermal diffusivity and heat capacity of CVD-SiC
produced at three different temperatures, i.e., 1300, 1325 and 1350 C, were
measured. The grain size measurements were made from micrographs of etched
surfaces of the material. The thermal diffusivity was measured at the University
of Dayton Research Institute (UDRI) by the flash lamp technique. Heat capacity
data were obtained by differential scanning calorimetry (DSC) using a sapphire
sample as the reference.

The thermal diffusivity as a function of temperature is shown in Figure 2,
along with the average grain size, d, for CVD-SiC deposited at 1300, 1325 and
1350 C. Notice that as the deposition temperature increases the grain size
increases and the thermal diffusivity also increases. Using the data from Figure 2
and the measured heat capacity of the material we can calculate the thermal
conductivity, which is the product of the density, thermal difflusivity and heat
capacity. Since CVD-SiC has a low CTE, we assume that the density does not
change significantly over the temperature range of the measurements, i.e., we
assume the density is constant as a function of temperature. The calculated
thermal conductivity is given in Figure 3. Two regimes of temperature
dependence are observed with a maximum at ý 200 K. From the position and
value of the conductivity maximum, we can obtain a rough estimate of the grain
size [52]. We get a calculated grain size of 5.1, 6.0 and 11.3 for deposition
temperatures, respectively, of 1300, 1325 and 1350 C. These values agree quite
well with the measured grain size of 6.8, 8A4 and 17.2 determined from optical
micrographs.

Transparent CVD-SiC

Silicon carbide is a good candidate material for transmissive optics
applications in the 0.5-5.5 pm wavelength region due to its lightweight, high
values of hardness, flexural strength, elastic modulus, and thermal conductivity,
low value of thermal expansion coefficient, high oxidation resistance and inertness
to many chemicals such as common acids and bases. The a-phase single crystal
SiC shows good transmission (> 60%) in the wavelength range 0.5-5.0 pm [541.
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However, attempts to fabricate P-phase (cubic) SiC with good transmission in the
vis-IR region have met with limited success. We report here preliminary results of
our attempts to fabricate polycrystalline j-SiC of improved optical properties by
the CVD process.
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Figure 2. Thermal diffusivity vs. temperature of CVD-SiC material produced at
different deposition temperatures, T = 1300, 1325 and 1350 C; and
corresponding average grain size, d = 6.8, 8.4 and 17.2 pm.
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Figure 3. Thermal conductivity of CVD-SiC vs. temperature for material
produced at different deposition temperatures, T 1300, 1325 and
1350 C; and corresponding average grain size, d = 6.8, 8.4 and 17.2
gm. Thermal conductivity was calculated from data in Figure 2,
heat-capacity data and density of material (see text.)

A mixture of methyltrichiorosilane (MTS), H, and Ar was used to fabricate
P-SiC. Argon was used as a carrier gas to transport the MTS vapors to the
reaction zone. The deposition was performed on graphite substrates which were
coated with a coating of amorphous carbon. The CVD process parameters were
varied as follows: MTS/H2 molar ratio: 4-30, substrate temperature: 1175-1475
C, furnace pressure: 10-200 torr, Ar/H2 molar ratio: 10-0.2. Our experiments
have shown that the most important parameter that governs the fabrication of
transmissive (3-SiC is the substrate temperature. When the substrate temperature
is _> 1375 C, P-SiC with improved transmission is obtained. At lower substrate
temperatures (!5 1375 C), P-SiC, Si rich SiC or Si is obtained.

Figure 4 shows a comparison of vis-IR transmission of CVD-SiC prepared at
two different substrate temperatures (a) 1450 C and (b) 1300 C. From this figure,
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it can be seen that there is a dramatic improvement in transmission as the
substrate temperature increases from 1300 C to 1425 C. The fall off in IR
transmission as the wavelength increases, is due to the presence of free carriers in
the material.
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Figure 4. Comparison of transmission of CVD-SiC fabricated at two different
substrate temperaturers (a) 1450 C and (b) 1300 C. Sample thickness
= 0.18 mm.

CVD Polycrystalline Silicon

Silicon is a good candidate material for transmissive optics applications
such as lenses, windows, domes, prisms, etc. in the 3-5 pm wavelength range and
reflective optics applications such as LIDAR mirrors, solar collectors and
concentrators, and astronomical telescopes due to its attractive properties such as
low coefficient of thermal expansion, high thermal conductivity, low density, high
value of elastic modulus, high and constant transmission in the 3-5 pm
wavelength range and excellent polishability [39,41,54-65]. For many of these
applications, Si blanks in the 1-m-dia range are required which are beyond the
current state-of-the-art of the single crystal and casting processes. The sintered
and hot pressed forms of Si are usually porous and do not produce a high quality
optical surface.

Recently, at MI/CVD, a scalable and subatmospheric pressure CVD process
based upon pyrolysis of SiHC13 in excess H2 was developed to fabricate
polycrystalline Si for large scale optics applications [62-651. This material
exhibited good physical, thermal and mechanical properties which were
comparable to that of single crystal Si but also showed a large scattering loss in
the near infrared (1-7 pm) wavelength region which made its use unsuitable for
transmissive optics applications. The CVD procecss parameters were varied over
a wide temperature, pressure and molar concentration regimes but significant
improvement in transmission in the near infrared could not be obtained. A post
deposition treatment for the CVD-Si was then developed which significantly
improved its infrared transmission and microstructure as shown below.

The post deposition treatment involved annealing the CVD-Si samples at
1573 K for five hours [65]. The improvement in transmission as a consequence of
this annealing was independent of size, thickness and CVD process conditions
used to fabricate samples, furnace heating and cooling rates (50-300 C/hr), and the
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flow rate of inert gas (Ar) during annealing. Figure 5 shows a comparison of
infrared transmission of annealed and unannealed samples of thickness 3.43 mm
and 3.8 mm, respectively. From this figure we see a dramatic improvement in the
transmission of annealed samples thorughout the infrared region. The
transmission of the annealed sample is very close to that of semiconductor grade,
single crystal Si.
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Figure 5. A comparison of infrared transmission of annealed and unannealed
samples of CVD-Si. Thickness, annealed sample = 3.43 mm,
unannealed sample = 3.81 mm.

The annealing treatment also changed the microstructure of CVD-Si as

shown in Figures 6 and 7. Figure 6 shows a comparison of microstructure taken
parallel to the growth direction of (a) unannealed and (b) annealed samples. In
Figure 6(a), the columnar growth characteristic of a CVD material is clearly
visible. These growth columns totally disappear after annealing and distinct grain
boundaries appear (Figure 6(b)). These grain boundaries indicate that a
rearrangement of the crystallites (or recrystallization) has occurred thereby
producing material with more uniform grain structure.

(a) _(b)

100 gm
Figure 6. Microstructure taken parallel to growth direction of (a) unannealed

sample and (b) annealed saxr .,e of CVD-Si.
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Figure 7 shows a comparison of microstructure taken perpendicular to the
growth direction of unannealed and annealed CVD-Si samples. One can clearly
see large grains in the form of "rosettes" in a matrix of small grains in the
microstructure of the unannealed sample. This rosette pattern exists throughout
the material and essentially shows that the material is microstructurally non-
uniform with two quite different grain size distributions. After annealing,
however, the rosette pattern disappears and the grain structure becomes more
uniform.

(a) _(b)

100 Vm

Figure 7. Microstructure taken perpendicular to growth direction of (a)
unannealed sample and (b) annealed sample of (ND-Si.

CVD Zinc Selenide

CVD ZnSe is widely used as transmissive optical elements for commercial
and military IR systems and as output windows in commercial carbon dioxide
(C0 2) lasers. CVD ZnSe is used as a window material in many IR systems in
which the windows experience pressure and/or temperature gradients. Because of
this, a high strength material is desirable. One factor that effects the strength
and fracture toughness of brittle materials is the grain size. Therefore, early in
the development of this IR material, the relationship between the deposition
temperature, grain size and strength was established [26]. This data is shown in
Figures 8 and 9. In Figure 8 the average grain size vs. deposition temperature is
shown for CVD ZnSe. The grain size was determined by the intercept method on
optical micrographs of CVD ZnSe samples which were polished, and subsequently
etched in hydrochloric acid, Notice, there is a strong grain size dependence on
temperature, i.e., the grain size increases more than an order of magnitude as
deposition temperature changes from 650 to 825 C. The relationship between the
flexural strength and grain size is shown in Figure 9. Here the flexural strength
is plotted versus the reciprocal of the square root of the grain size (d "). Notice,
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in Figure 9 that the points appear to lie on a straight line, which indicates that
polycrystalline CVD ZnSe follows the well known Petch relationship over this
range, where the grain size changes from 25 to 400 pm.
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Figure 8. Average grain size, d, of CVD ZnSe vs. deposition temperature. Data
obtained from Ref. 26.
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Figure 9. The reciprocal square root of grain size, d1" (pm-") vs. the flexural

strength for CVD ZnSe. Data obtained from Ref. 26.

CVD Zinc Sulfide

CVD ZnS is used as a high durability window material in military systems
operating in the 3-5 and 8-12 pm spectral band. In many applications such as
imaging and targeting, optical scatter and absorption are of great importance. In
the development of this IR material, the rclahiinship between the processing
conditions and optical transmission were established. The IR transmission of four
ZnS samples (thickness = 0.9 cm) is shown in Figure 10. These measurements
were carried out on a Perkin-Elmer spectrophotometer (Model no. 1430) operating
in the double-beam mode. The deposition temperature for the four samples was
varied from 670 to 735 C and the molar ratio of the reactants HS/Zn was varied
from 1.0 to 0.6. The most prominent feature in the transmission spectrum is the
broad absorption band centered at !600 cm', which has been tentatively
attributed to vibrational modes associated with zinc hydride radicals. [66]
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Although the deposition temperature has an influence on both the scatter and the
6.2 pm absorption baiid, it is the H2S/Zn molar ratio which exerts a greater control
on the optical properties of CVD ZnS. An effort to understand the cause of scatter
in CVD ZnS is currently underway.
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Figure 10. IR transmission of CVD ZnS produced at different
temperatures and H2S/Zn molar ratios.

CVD Zinc Sulfo-Selenide

In a sophisticated lens system, the use of optical elements with a vari-
able index of refraction can reduce the complexity of the components, increase reli-
ability and reduce cost. Gradient-index optical materials have long been available
for the visible portion of the electromagnetic spectrum, but not for IR portions.
Recently, MIJCVD developed an IR gradient index material from mixtures of ZnS
and ZnSe via a CVD process [25]. These latter two materials are widely used
transmissive optical materials in IR systems. Over their useful transmissive
range, the refractive index of ZnS and ZnSe differ by - 0.2 units. In addition, ZnS
and ZnSe are completely miscible in the crystalline state, i.e., the alloy ZnSxSe.,
exists for 0 _< x S 1. By combining the latter two properties, we were able to
produce an alloy with a controlled and variable x.

In order to produce a gradient index material, numerous experimental CVD
depositions were performed to establish important functional relationship between
the composition of the reactant gases and solid composition. Zinc sulfide and zinc
selenide were produced by the following CVD reactions:

Zn,(gt + H 2S(g- .......-> ZnS W + H"2 g) (1)

ZNr, + HlSe(g,- ------ > ZnSe.,) + Hzgý (2)

where the subscript (g) and (s) refer to gas and solid species respectively. By
varying the ratio of the flow rates of the gaseous reagents, Q(H2 S)/Q(H2 Se), while
maintaining a constant Zrn) flow rate in the CVD reactor we were able to produce
alloys, ZnS.Se-.,, with x varying from 0 to 1. The composition and properties of
these alloys were measured to establish the required relationships to fabricate a
gradient index material. The most important relationships required to produce a
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cont-olled and quasi-continuous index gradient are: alloy composition and
deposition rate as functions of gas phase composition; and the refractive index as a
function of alloy composition.

The gas phase composition, expressed in terms of the flow rate of HS gas,
Q(HS), over the total flow rate of reactant gases, Q(HS) + Q(HSe, = QT, is
plotted vs. the mole fraction (x) of ZnS in the alloy in Figure 11. The chemical
composition of the solid alloy, ZnSSe1 , was determined by SEM'EDAX analysis.
Because the reactants. HS and HSe were premixed before entering the deposition
zone in the CVD reactor, the gas phase compo:ition should be proportional to the
flow rates. The solid circles in Figure I I were obtained under identical run
conditions, i.e., substrate temperature of 710 C, total gas pressure of 30 torr.
Q(Zn) = 0.31 slpin and Q(HS) + Q(HSe) = 0.3 slpm. It is clear from Figure I I
that ZnSe is preferentially deposited, i.e., when the flow rates of H S and H ,Se are
equal, the mole fraction of ZnS :n the alloy is 0.30 and not 0.50. Similar behavior
was observed by Stutius for a different CVD reaction using metalorganic
compounds as reactants and under different CVD conditions [671. The solid
triangles in Figure 11 represent compositional data obtained at two different
deposition temperatures, 750 and 670 C. Since these latter data points appear to
give similar results to the points (solid circles) obtained at a deposition
temperature of 710 C, we conclude there is little temperature dependence on the
composition of the alloy over the temperature range 670-750 C. This result
indicates that fluctuations in temperature and small-temperature gradients in the
CVD reactor should have little effect on the solid composition of the gradient
material (alloy).

7/
A 7110 C

: /

Figure 11. Mole fraction of ZnS in alloy ZnS.Se,,
94,- vs. gas phase com-position of reactant

A /gases HS and HSe. Solid line is a
S>, least-squares fit to data.
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ZnSe and ZnS do not deposit at the same rate under identical CVI) conditions.
Therefore the deposition rate of the alloy depends on the gas phase composition of
the reactant gases. Figure 12 is a plot of the deposition rate. R,, vs. the gas phase
composition. To a good approximation, the deposition rate is a linear function of
the gas phase composition. The solid line in Figure 12 is a linear least-squares fit
to the data.

The refractive index of the alloy, ZnS 2.Se 1 ,, should he a linear function of the
solid composition at, wavelengths removed from optically allowed transitions. This



has been confirmed experimentally, and is shown in Figure 13. Here the
refractive index (left-hand ordinate) ind molar percent of ZnSe in the allcy (right-
hand ordinate) are plotted vs. the thickness of a ZnS.Se, . gradient index materials
deposited over a thickness of - 4 mm. The index measurements were made at a
wavelength of 0.647 urn (Kr laser) using a specially designed interferometer 1681
and the composition profile data was measured using SEM/EDAX. From these
data, we conclude that the refractive index of the alloy is given bv-

t1 = fz7 (l-x) + r1?o.(X) (3)

where Tl,.• and rlzs are the refractive indices of ZnSe and ZnS, respectively, and x
is the mole fraction of ZnS in the alloy, ZnS.Se1,,.

Finally, the grain size of several alloys was measured and this data is shown
in Figure 14. Notice, that the grain size is not simply proportional to the
composition. There is an abrupt change in grain size at a mole fraction of 10-15%
ZnS in the alloy and the grain size remains relatively constant as the mole
fraction of ZnS changes from 20 to 100%. We do not understand the fundamental
reason for this observed behavior. However, it appears that a small amount of
ZnS produces a grain size in the alloy similar to pure ZnS,
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CVD OF SILICON NITRIDE PLATE FROM HSiC1 3 -NH3 -H 2 MIXTURES

J. W. LENNARTZ AND M. B. DOWELL
Union Carbide Coatings Service Corporation, 12900 Snow Road,
Parma, OH 44130

ABSTRACT

Preferred conditions for deposition of thick 0-Si 3 N4

plate from HSiCl 3 -NH3 -H 2 on the vertical surfaces of a low-

pressure, hot-wall CVD reactor were identified by means of a
designed experiment. The design included the range of
temperatures 1300 0 C-15000 C, pressures 0.5-2.0 Torr, and
residence times 0.01-1.0 sec. The vertical deposition
surfaces received a viscous, laminar flow of well mixed,
thermally equilibrated reactants. Plates 0.05-0.5 mm thick
were produced on multiple vertical substrates 350 cm2 in area
at deposition rates 5-70 pm/hr. Plates 0.5-4.0 mm thick were
produced on horizontal substrates at deposition rates of 60-
120 um/hr. When NH3 flows in stoichiometric excess,
deposition rates on vertical surfaces increase approximately
linearly with the flow rate of HSiCl 3 but depend little on
temperature, as would be expected if the reaction proceeds
under mass transport control with product depletion.
Multiple correlation analyses show that thickness variations
in the deposit are reduced by increasing the temperature and
decreasing the gas residence time. CVD silicon nitride plate
produced under the optimized conditions exhibits theoretical
density and is free of pores and cracks. It exhibits a
columnar morphology in which the <222> and <101>
crystallographic directions are oriented preferentially
normal to a surface, which consists of well-defined trigonal
facets 10-50 im across. Crystallite sizes determined by X-
ray line broadening range from 0.06-1.0 um. This CVD plate
is gray and contains approximately 0.5 w/o C and 0.5 w/o 0 as
principal impurities.

INTRODUCTION

Silicon nitride is well recognized as an important
engineering ceramic. Its high hardness, chemical inertness,
resistance to creep and thermal shock, and strength at high
temperatures recommend its use in advanced turbines. Its
high electrical resistivity and dielectric strength find use
in electrical insulators, including some in integrated
circuits. Silicon nitride sputtering targets and crucibles
for growth of low-oxygen single crystals are two uses which
require relatively thick sections free from metallic
impurities. The chemical vapor deposition process is of
interest for producing such articles.

Mat. Res. Soc. Symp, Proc. Vol. 250. 1992 Materials Research Society
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CVD silicon nitride has been described previously 1- 4 as
have some of its uses. 5 A statistical optimization approach
to production of thick CVD silicon nitride from HSiCI 3 , NH3

and N2 has been reported. 6 We now report preferred
conditions for deposition of thick CVD Si 3 N4 plate from

HSiCl 3 -NH3-H 2 gas mixtures on vertical, non-impingement
surfaces, by use of a similar method.

EXPERIMENTAL

Experiments were carried out in a vertical, hot-wall,
low-pressure CVD reactor as depicted in Figure 1. Gases are
introduced into the reaction chamber through a cooled coaxial
nozzle, the annulus of which carries HSiCl3 /H2 mixtures. The
overall reaction is

3 HSiCI 3 (g) + 4 NH3 (g) = Si3N4 (s) + 9 HC1(g) + 3 H2(g)(1)

The reaction chamber was a graphite cylinder 38 cm
diameter by 33 cm long, shown in Figure 2. Gases introduced
through the nozzle centered in the base impinged on
horizontal deposition plate A (15.2 cm square) and exited
around the periphery of the base after passing over
rectangular deposition plates B and C, (15.2 cm x 22.8 cm)
oriented vertically as shown in Figure 2. Deposition plates
were machined from UCAR graphite, Grade ATJ. The average
thermal expansion coefficients of this graphite and of CVD
Si 3 N4 are 3.5-4.0 x 10-6 OC-l and 3.0-3.5 x 10-6 oC-l

respectively.

/A

rigure 1 rigure 2

Diagram of CVD System. Graphite Assembly Used In Deposition Trials.

a1 vacuum chamber, bl graphite furnace element. c| a) base. bI 3cm dlameter Incctor hole. ci lid ,ll 31 cmv
graphite ssemblvy d) gas injecctor, ) flow tubes and gas dtameter by 33 cm long cyl-tnder- 0 I 2 cm sp.rer bl•ck.
control panel. A lunrace power supply. g pyrrtmeler. hl 0 15.2 CM square substrale (Plate At gA11i 15 52,1
D3CP conroiller. ii pressure trainsduc.r. j. pneumatc by 22 Acm subslrat-s lialtes 13 and C)
Fisher valve, Si vacuum blower. I water-sea;-d r, .5
pcmip
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A partial factorial experimental design was generated in
which wall temperature, total pressure, and incoming gas flow
rates of HSiC1 3 , NH3 , and H2 were varied, and total weight of
deposit was at least 8 Kg (Si3N4 basis) in each run. The
design was restricted to ranges of each variable given in
Table I, based on prior work. The statistics program ED07
generated a one-sixth factorial experiment consisting of 18
trials in order to evaluate the main effects of each of the
five parameters and the interactions between them. To these
eighteen trials were added five repiications and one other
variation. After this set of 24 trials, a set of preferred
conditions was selected and demonstrated.

TABLE I

Parameter Levels for Experimental Design

Pa r m t U nits L eve ls
Lower j1.~trjediat. Upn~t

"H2 Flow flate sIpm 3.0 6.0 15.0
N t13 Flow Rate slpm 0-8 2.0
HSIC13 Flow Rate slpro 0.4 07 1.0
Total Pressure run Hg 0.5 - 2.0
WalTemoerature IC 1300 1400 1500
R stztndard liter per minutc

RESULTS

Analysis of the variable ranges in Table I, and of our
reactor geometry, reveals that gases flow over the vertical
deposition plates in thermal equilibrium with the reactor
wall in viscous and laminar manner. Table II compares the
power requirement to attain equilibrium product distribution
at wall temperature for actual gas ratios, if power supplied
by conductive heat transfer from a tube whose area is
equivalent to that of the reactor wall and from the impinged
deposition plate A. Convective heat transfer from the
reactor wall amply satisfies the power requirement, thus
establishing that vertical plates B and C are at the same
temperature as the reactor wall. Since convective heating by
plate A is insufficient to satisfy the requirement, the
temperature of this impinged plate may be as much as 200 less
than that of the wall. Power requirements for isothermal
expansion of gases and power supplied by radiative heating,
may be shown to be small.

TABLE II

EstU flo,1osd ivf Costmpte Relc~o .nmd g n&Ptduot T" (In WI Con frcl flt•t T Troitna r to Gs" o 'Eqq lsentt T'tub {In VA

cytaLiulizatm MI .8 I* U S i.. 1111
1H Ad•Mdtls n eIt .nto e III 4040 ;050

O0-,O11 R-m.l.o. Seno-p. piduti I I I'Mt - 32 32)0 J)0

I I t "J- 6011010 73 Convowtlva Heoat Tmnosfe to Ostsm at l~te A On WIV
III 1I047h ki m-t111 139 8.5 101 181 i 409 560

12) 1t.w kI mLxturtl 22.4 2IL3 so too 231 31T 670 1210
(21 150 36

* A ., iOn,4e nt. ntnr - t 298 9K3
• " I 0h11• tiopet-oun, in tis study

I 3112 * 0- -73 * "14 H1 ld'
o.. 2. 23 N2+'IS H.8 2 if.C' "10335'3N4) III

I ,t4 i . 2 3.0NM,. 101 H10,

3 5 111 ' 6 II I -2I " I I I 3l
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Flow characteristics of the jet and of the gases passing
the vertical walls are given in Table III. Flow is
characterized as viscous when the mean free path for
molecular collisions is small compared to reactor dimensions,
i.e., the dimensionless Knudsen number Kn <0.01. These
conditions apply in the present work, where 0.5<P<2 Torr.
Gas flows can be shown to be incompressible except near the
nozzle by evaluating the dimensionless Mach number Ma, the
ratio of flow to sonic velocity. Although Ma >0.5 at the
nozzle, indicating that flow is compressible there, Ma <0.4
and is incompressible when the jet has expanded to 6 cm dia.
Jets impinging on horizontal plate A have greater diameters
and their cross-sectional areas were always <0.2 that of the
reactor lid, thus meeting the criteria of freely expanding
jets which entrain gas and lose momentum. 7 Reynolds numbers
220 <Re <1200 imply that gas flow in the jets are laminar.
Other considerations indicate that flows remain laminar and
that actual pressures on the vertical plates are in close
agreement with measured pressures.

Tble III

Dimensionless Ratios

Knudsey,

'/ L <001

1/2 noz2le

jel
Reynolde

_VLf - Z0-1200

CVD silicon nitride plates 0.5-4 mm thick were produced
by impingement on horizontal substrates at deposition rates
of 60-120 pm/hr. Expressions for deposition rates were
derived by multiple correlation techniques and are shown in
Table IV, where the Student t-statistic for significance of
each term is given in parentheses. Rates of thickness
increase rt on horizontal plate A can be expr ed as a
function of temperature and of flows and pressures of HSiCI 3 ,
and can be transformed into a kinetic equation in which all
power terms are statistically significant. In this kinetic
equation, deposition rates increase with fractional powers of
HSiCI 3 concentration and decrease with powers of NH3 and H2
concentrations. Temperature dependence yields an apparent
activation energy 36 kcal/mol, which may be compared with 53
kcal/mol when SiCI 4 -NH 3 -H 2 impinge a graphite substrate. 4 We

interpret these results as indicating near-kinetic control of
the thickness increase at the center of the impingement
plate. Kinetic expressions describe the smaller rates of
thickness increase near the edge of the plate less well than
they do that at the center, however, suggesting that kinetics
control deposition rate only where the jet impinges.
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CVD plates 0.05-0.5 mm thick were produced on vertical
substrates at deposition rates 5-70 pm/hr. Rates of
thickness increase depend on pressure, flow and concentration
of HSiCl 3 as shown in Table IV. This empirical rate
expression cannot be transformed into a kinetic expression in
which the terms retain statistical significance, however, and
no temperature dependence is detected by multiple correlation
analysis. These results indicate that deposition on
vertical, non-impingement substrates proceeds under mass
transport control, and that HSiCl 3 is the depleted species.
Although deposition rates are lower on vertical than on
horizontal surfaces, vertical deposits can be made uniformly
thick more easily than horizontal ones. correlation analysis
reveals that uniformity on vertical surfaces is enhanced by
decreasing the gas residence time and by increasing the
temperature.

TABLE IV

Deposition Rate Expressions Derived
from Multiple Correlation Techniques

KUnc~t flxeoq Onsh

Average Kinetic Data Derived from Various
Deposition Rates

D~oata S t ElhKWI001 U a 11

rt. MteA 29 03 07 -0 "
W(t, r ,haunaI 36 03 06 •I 38

"t. Mira . .

(otth e.3lust o •. -03

r..P aPOA 17 03 04

o•*tb 1oo.ol [4 0.3 07

Preferred conditions for deposition of thick CVD silicon
nitride on vertical faces were determined to be 1500 0 C at 0.5
Torr total pressure, under 67% stoichiometric excess NH3 .
Deposits up to 0.9 cm thick were grown at 130 um/hr. on each
vertical plate. These crystalline deposits were free of
pores and cracks and exhibited densities 3.187 g/cm3 .
Columnar morphology of the preferred condition is similar to

Figure 3 in which the (222) crystallographic direction is
oriented normal to a surface which consists of well-defined
trigonal facets 10 pm to 800 wm across as shown in Figure 4.
Crystallite size as determined by X-ray line broadening is
approximately 1000 A. This CVD plate is gray and
translucent, and contains 0.4 w/o C and 0.2 w/o 0 as
principal impurities.
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Figure 3 Figure 4

Typical Polycrystalline CVD Si 3 N4  As-Deposited Trigonal Surface

Having Columnar Growth Pattern of CVD Si 3 N4 from Production

(Cross-Section in Bright Field) Demonstration
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CHEMICAL VAPOR DEPOSITION OF MULTIPHASE
BORON-CARBON-SILICON CERAMICS

E. Michael Golda and B. Gallois
Department of Materials Science and Engineering
Stevens Institute of Technology, Hoboken, NJ, 07030.

ABSTRACT

specific compositions of boron-carbon-silicon ceramics
exhibit improved abrasive wear and good thermal shock resist-
ance, but require bulk sintering at temperatures in excess of
2100K. The formation of such phases by chemical vapor deposi-
tion was investigated in the temperature range of 1073K-1573K.
Methyltrichlorosilane (CH 3SiCl 3), boron trichloride, and methane
were chosen as reactant gases, with hydrogen as a carrier gas
and diluent. The coatings were deposited in a computer-
controlled, hot-wall reactor at a pressure of 33 MPa (200 Torr).

Below 1473K the coatings were amorphous. At higher temper-
atures non-equilibrium reactions controlled the deposition
process. The most common coating consisted of a silicon carbide
matrix and a silicon boride, SiB6 , dispersed phase. Multiphase
coatings of B+B4 C+SiB6 and SiC+SiB6 +SiB1, were also deposited by
controlling the partial pressure of methane and boron trichlor-
ide. Non-equilibrium thermodynamic analysis qualitatively
predicted the experimentally deposited multiphase coatings.

INTRODUCTION

Boron-carbon-silicon ceramics have traditionally been
fabricated either by sintering or by electric arc melting. Both
processes require temperatures in excess of 2100K. Dispersion
strengthened ceramics can be formed in this system which exhibit
superior properties compared to the single phase material.
Proper selection of the matrix and the dispersed phase can be
used to control specific materials properties. A boron carbide
matrix with a dispersed silicon carbide phase exhibits a signi-
ficant improvement in abrasive resistance compared to pure boron
carbide.[l] A silicon carbide matrix with a boron carbide
dispersed phase exhibits superior thermal cycling stability
compared not only to pure boron carbide but to other refractory
oxides as well. Boron-carbon-silicon ceramics also exhibit good
oxidation resistance up to 1473K.(2]

Surface modification, in which the ceramic is applied as a
coating, is an alternative processing approach. Chemical vapor
deposition (CVD) is one of the most versatile techniques for
applying ceramic coatings. Dispersion strengthening can be
accomplished by the simultaneous deposition, or codeposition, of
two or more ceramics. In spite of the potential for improved
coating performance, there is a dearth of published information
on CVD of boron-carbon-silicon ceramics. Niemyski et al. (3]
used boron trichloride, silicon tetrachloride and carbon tetra-
chloride as precursors. The deposition pressure was 100 MPa
(760 Torr) at temperatures greater than 1873K. X-ray diffrac-
tion identified the deposit as a bulk substitution compound,
B,?(C,Si,lB) 3 . In the present work we report on the formation of
boron-carbon-silicon ceramics using different precursors at

Mal, Res. Soc. Symp. Proc. Vol. 250. '1992 Materials Research Society
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lower deposition temperatures and at a lower pressure.

EXPERIMENTAL PROCEDURES

The depositions were conducted in a rectangular channel,
hot-wall, horizontal quartz reactor at 33 MPa (200 Torr) over a
temperature range of 1073K to 1573K. The graphite rectangular
channel acted as a susceptor, which was heated by a high-fre-
quency induction generator coupled to a temperature control
system. Substrates were isostatic molded graphite plates 1 cm
by 1 cm in size. The deposition process was automated; the
throttle valve, the flowmeters, and the valves were all
interfaced to a microcomputer.

Methyltrichlorosilane (CH3SiCl 3 or MTS), boron trichloride,
and methane were used as precursors, with hydrogen as a reducing
agent and the carrier gas for methyltrichlorosilane. The pre-
cursor mixture was characterized by two ratios: the boron ratio
and the hydrogen ratio. The boron ratio, BClV/(BCl 3+NTS),
expressed the percentage of boron in the precursor gas mixture
at the reactor inlet. The hydrogen ratio, H2/BCl 3 ÷MTS, compared
the amount of hydrogen to the total amount of precursors at the
reactor inlet. The total flow was fixed at 500 sccm.

The coatings were examined by scanning electron microscopy.
The phases were identified by X-ray diffractometry. Microprobe
analysis of the constituents was performed with a windowless,
multi-crystal system.

RESULTS AND DISCUSSION
Figure 1 is a map of the ,___

experimental depositions at
different deposition tempera- 1573. a 0
tures as a function of the 9s
boron ratio at a hydrogen ratio S :473. 4
of 10. The structure of the
coating was determined by the A-n-ý,-
deposition temperature. Above -
1473K the coatings were poly-
crystalline. The coatings were -
silicon-rich, consisting of a
matrix of silicon carbide (SiC)
and elemental silicon, with a
uniformly dispersed silicon
hexaboride (SiB6 ) second phase.

Amorphous coatings were Fig. 1. Map of experimental
deposited between 1173K and deposits using BCl 3 and MTS.
1473K. Amorphous coatings
annealed in argon at 1523K
crystallized when the annealing
time was greater than 10 minutes. X-ray diffraction analyses of
the annealed films showed both SiC and SiB6 peaks. The 1473K
transition temperature between amorphous and polycrystalline
coatings was approximately 250K higher than the transition
temperature reported for a poly-crystalline silicon carbide
coating.(4] The addition of boron clearly stabilized the
amorphous phase.

The amount of elemental silicon in the polycrystalline
coatings was inversely proportional to the deposition temper-
ature. In addition, the silicon content was directly
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/Fig. 2. Map of experi\rtnai

deposits using BC13, MTS and
CHl. Hydrogen ratio = 5.
P = 33 MPa. T = 154aY./ / { • (')B+B!,C-SiB,,

' ( A) BB[C+B 25C-SiB-,
/ (V) SiB,÷SiB;+BC,

(•) SiC+S4B6 +SiB,, ,
C-) SiC+SiB,. Phase field
bcundaries are approximate.

Fig. 3. Phase field morphologies. Precursors,
depostion conditions and inlet gas mixtures are
shown on Fig. 2. (a) (a), (b) (g), (c) (*),
(d) SiC+Si5 6 , 20%BC13 :20%MTS:60%CHý.

proportional to the hydrogen ratio. No elemental silicon was
deposited at hydrogen ratios less than 10.

In order to eliminate elemental silicon in the coatings,
the hydrogen ratio was reduced to 5 and methane was added to the
gas stream as an additional source of carbon. Figure 2 is a map
of the phases observed at 1423K at 33MPa (200 Torr) as a func-
tion of the composition at the reactor inlet. Five distinct
phase fields were identified by X-ray diffraction:B+BH2 C+SiB6,
B+BC+B2ýC+SiB6 , SiB6+SiB1 4+B5C, sic+SiB6 +SiBj4 , and SiC+SiB6. The
boron-rich deposits, B+B 2 ,C+SiB6 , B+B 4 C+B2 5 C+SiB6 , and
SiB6+SiB,4 +BC, had extensive transgranular cracking and good
substrate adhesion as qualitatively measured by the scotch tape
pull test. The Sic+SiB6 +SiB1 4 coating had extensive trans-
granular cracking and branching with very poor substrate
adhesion. The largest phase field was the SiC+SiB6 coatings.
These coatings had very little transgranular cracking and good
substrate adhesion. The presence of the four phase field
B+B4 C+BC+SiB6, which violates the phase rule, may be due to
fluctuations in the gas composition with time or to non-



170

equilibrium phenomena. There was no evidence o! the iornat .. !,
of the bulk substitutional compound iS,( xCSiI• L' X-ray
dIffraction riported by Niemyski et ao)23'

Figure j shows representative morphologies of the vor;'•.t;
phase fields. Figure 4(a) illustrates the acicular morpholec;y
common for all of the boron-rich coatings with no apparent
second phase . Figure 4(b) is a typical specimen in the
SiC+SiB6+SiB, phase field. The coating is composed of a matrix,
of SiC nodules with diameters greater than 75 m and vertical
reliefs as great as 50 m. The voids between nodules are f-lled
with boron-rich whiskers which have a length/diameter ratio of
approximately 10/1 and taper towards the whisker tip. Figures
4(c) and 4(d) show the morphology of the SiC+SiB. phase field, a
Sic matrix and a distinct, evenly dispersed SiB6 second phase.
The density of the dispersed phase is directly proportional to
the boron ratio.

THERMODYNAMIC EQUILIBRIUM ANALYSIS

Thermodynamic modelling can be used to predict the optir-
conditions for obtaining a deposit with a specific compcsition,
Thermodynamic equilibrium anal 'ses performed in this report use]
Solgasmix-PV.[5] The program ran on a personal computer ani
determined the equilibrium gas composition and condensed phazes
for a specific condition by minimizing the free energies of -17
the possible system constituents which could form. The JANA,
Tables were the reference for the heats of formation and
entropies of the 83 possible gaseous species and the following
condensed phases: B, C, Si, SiC, BC.[6] Thermodynamic data for
the silicon boride phases: SiB3, SiB6, and SiB1 ,, were optimized
and rationalized by Dirkx (7] and were used in the calculation.

Figure 4 is an analysis of
the effect of the hydrogen
ratio on the composition of the
deposited phases as a function
of the boron ratio at the
reactor inlet at a deposition
temperature of 1548K and a "
pressure of 33MPa (200 Torr). .
'he figure is a CVD diagram,
which graphically displays the
predicted condensed phase(s) ° " .
deposited at equilibrium as a
function of experimental
parameters. The CVD diagram - :
shows that it is thermody-
-ai icaliy possible to codeposit
"tiphaoe boron-carbon silicon P17. 4. CV1: diaqr±--i , the
',ra7'1cs and that the composi- boron-carbon-si'i_= C`7

is a function of the born inq
t I, io.

At a hydrogen ratio oc 10
a boron ratio of 0,7 the codepo' ition of,

r f. J,. k-'.j. Urid,'r thio iame uonei tion5, the exper,ý-,rt i, -.oit :

: : t 0 .ot rl -,on by (h' n i ,
T- •* , Kx~p4., r n y, hr)wever, t he com-pou i on

-flH, nit iq wv ni r t a fiu' tion oo th., 1; ! o,. ' r 1,
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P 33 ,Pc 2r"""

CHydrzgen ratio 10
-- NC084 T =1548K

SiC+B 4 C.\
.C.500 -

CDS+S1B 6  N-,
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ISi+SiC+\

Si8 6  sC +8 4 c +SiB7'4
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Fig. 5. CVD diagram of non-equilibrium deposition using
BC1 3 and MTS.

NON-EQUILIBRIUM THERMODYNAMIC ANALYSIS

Thermodynamic equilibrium calculations use the precursor
composition at the reactor inlet as input parameters and
determine the equilibrium phases in the homogeneous (gas phase)
and heterogeneous (gas phase and condensed phase) systems.
However, kinetic and mass transport effects generally alter the
gas phase composition at the gas/solid interface, the hetero-
geneous system. These non-equilibrium conditions can be modeled
using Solgasmix-PV by assuming that a "local" thermodynamic
equilibrium exists at the interface.[8]

One kinetic effect which could alter the composition of the
heterogeneous reaction is the homogeneous (gas phase) decompo-
sition of MTS. At temperatures above 1173K, MTS decomposes to
form a methane and a chloride intermediates. The methane mole-
cule is very stable at temperatures below 1473K. The formation
of a stable carbon intermediate with a slow reaction rate could
lower the carbon concentration in the coating.[9,10,11l

Figure 5 is a CVD diagram of a non-equilibrium analysis.
The dashed line represents the amount of carbon available as
methane in the equilibrium heterogeneous reaction as a function
of the boron ratio. Non-equilibrium heterogeneous reaction
conditions are modeled by holding the boron ratio constant and
artificially decreasing the carbon content from the equilibrium
value. The abscissa is the ratio of the amount of methane
avail-able for the non-equilibrium heterogeneous reaction, CH.,
to the amount of methane available after the homogeneous
decomposition of an inlet gas composition consisting of 100G
rethyltri-chlorosilane, (CH)j. As the methine content of the
non-equilibrium reaction decreases the predicted phar• fe Lis
beocome increasingly silicon-rich. This non-equilibrium ainalysi>.
qualitatively predicts the deposition of three of the
phase fields observed experimrntally: SiC+Sif, SiC+.ibb *ciB,.
and :;i-;iCuii[,
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SUMMARY

Boron-carbon-silicon coatings were deposited from mixtures
of methyltrichlorosilane, boron trichloride and methane. ;he

structure of the coating underwent a transition from an
amorphous to a polycrystalline coating at 1473K. The most
commonly observed coating was a silicon carbide matrix with a
uniformly dispersed silicon hexaboride second phase. Other
multiphase coatings were deposited by controlling the partial
pressures of methane and boron trichloride. The significant
difference between the phase fields predicted by the thermo-
dynamic equilibrium analysis and the experimental data
demonstrated that deposition occurred under non-equilibrium
conditions. Non-equilibrium thermodynamic analysis
qualitatively predicted the silicon-rich experimental coatings.
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MODIFICATION OF OPTICAL SURFACES EMPLOYING CVD BORON CARBIDE COATINGS

Richard A. Lowden, Laura Riester, and M. Alfred Akerman
Oak Ridge National Laboratory, P. 0. Box 2')09, Oak Ridge, Tennessee 37831-6063

ABSTRACT

Non-reflective or high emissivity optical surfaces require materials with given roughness or
surface characteristics wherein interaction with incident radiation results in the absorption and
dissipation of a specific spectrum of radiation. Coatings have been used to alter optical properties.
however, extreme service environments, such as experienced by satellite systems and other spacecraft,
necessitate the use of materials with unique combinations of physical, chemical, and mechanical
properties. Thus, ceramics such as boron carbide are leading candidates for these applications. Boron
carbide was examined as a coating for optical baffle surfaces. Boron carbide coatings were deposited
on graphite substrates from BCI3, CH,, and H, gases employing chemical vapor deposition (CVD)
techniques. Parameters including temperature, reactant gas compositions and flows, and pressure were
explored. The structures of the coatings were characterized using electron microscopy and
compositions were determined using x-ray diffraction. The optical properties of the boron carbide
coatings were measured, and relationships between processing conditions, deposit morphology, and
optical properties were determined.

INTRODUCTION

Space telescopes and other high-performance optical instruments must have baffle and vane
surfaces designed to minimize the effcct of stray light on system performance.(l-3) Optical baffles
are the non-reflective structures and surfaces within an optical device that act to narrow the sighting
area by limiting the source from which light is detected, and enhance performaice by minimizing off-
axis and stray light that might enter the device and reach the detector(s), Optical baffles are essential
in the management of light that enters the apparatus And thus play a significant role in determining the
performance of an optical system.

An optical baffle is typically non-reflective or "black." A variety of "black" coatings have
been developed for optical baffle surfaces.(1,4,5) These include paints, anodized surfaces, and etched
metal coatings. However, many of the current materials and coatings cannot withstand the extreme
environments and severe mechanical and thermal loadings associated with applications such as infrared
sighting systems for missiles and projectiles, or telescopes on specialized satellites. High gravitational
forces and vibration during launch, and thermal or mechanical tloatO during service, cause the current
materials to fail. The coatings flae and spall diminishing the properties of the baffle surface as well
as producing particles that can eventually cover lenses, mirrors, and detectors, rendering the system
inoperative. In addition, many of the coatings are fragile and difficult to handle. Simply touching the
surface smears or removes the coating, decreasing its effectiveness. Thus, there exists a need for
improved diffuse-absorptive coatings for high performance applications, coatings which are stronger,
more adherent and damage resistant, and therefore able to survive extreme environments.

Boron carbide fulfills many of the requirements for improved baffles and thus was selected for
this study.(6) Boron carbide is a low density material with exceptional mechanical properties including
high hardness, strength, and modulus. It exhibits poor reflectance from visible through infrared and
functioned well in earlier baffle and solar absorption applications.(5,6) Boron carbide has a high
melting temp._dture, good themal conductivity, and high specific heat resulting in excellent
survivability against directed energy threats. A broad range of compositions exist, ie. B,C, BC.,
BXC, B,•C, etc., and these are readily deposited using chemical vapor deposition techniques.(7-l 1)

Mat. Res. Soc. Symp Proc, Vol. 250, , 1992 Materi&ita ReSearth Society
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Chemical vapor deposition was chosen as the processing method for it is an extremely versatile
process. A variety of parameters can be controlled to produce boron carbide coatings with a broad
range of compositions and morphologies.(9-13) Gas composition, temperature. and pressure can he
changed to modify the texture and morphology of the filal coating with nodular, faceted, and whisker-
like surface features possible.(10, 11) Correlations between deposition conditions, coaling morphology,
and optical performance at 10.6 Am were investigated.

EXPERIMENTAL PROCEDURES

Deposition

Boron carbide coatings were deposited from gas mixtures containing boron trichloride (BCI.).
methane (CH,), and hydrogen (H:) at a pressure of 3.3 kPa and temperatures of 1273 to 1673 K. The
effects of deposition parameters including temperature, gas composition, and total reactant flow on the
structure and composition of the deposits were examined. The ratio of boron to carbon (BC, !(o CH,)
in the input gas mixture was varied from 0,25 to 8.0; with the sum of these reactant species held
constant at 75 sccm. The hydrogen to chlorine ratio in the input gas was held constant at 30: the total
H, flow was altered to control this ratio. Deposition times were 45 min for all samples, and details
of the experiments are given in Figure 1.

Upon completion of these scoping deposition experiments, additional coating runs were
conducted. It was found that rough or textured coatings were produced at temperatures of 1473 and
1573 K and BCII:CH4 ratios of 0.25 to t.00. Subsequent experiments focused on this processing
window. As before, deposition time, pressure, and H:CI were held constant as temperature and input
gas composition were varied. Specific details of the additional deposition experiments are also shown
in Figure 1.

A horizontal cold-walled system was used for the deposition of the coatings. The furnace
consisted of a fused silica tube (54 mm OD, 2 mm wall, 75 cm long) with custom-fahricatod stainless
steel end caps. Graphite substrates 6 mm thick and 25 mm in diameter, were cut from round stock,
washed in water and acetone, and then dried in an atmospheric oven, A single substrate was supported
within the reactor using a graphite rod inserted into a hole drilled into the rear ot the surtstAte aoi *as
heated inductively using an RF generator. Substrate temperatures were measured using an optical
pyrometer and a black body hole drilled in the substrate. Corrections were applied for absorption by
the glass prism and quartz window.

Reactant gases were introduced to the system through an end of the furnace and flow rates
were controlled using mass flow controllers. Hydrogen was purified by passage through a titanium
sponge getter, while the other gases were metered in their supplied forms. Boron trichloride flow was
difficult to control due to its low vapor pressure at room temperature. thus the BCL bottle and lines
were heated to obtain reproducible flows. Exhaust gases were scrubbed by passage through a soda-
lime bed. Pressure control was accomplished using a gas ballast technique. A capacitance manometer
monitored the furnace pressure which was held constant by injecting argon gas into the pump inlet it)
regulate effective pumping speed.

Characterization

Optical and scanning electron microscopy were used to characterize coating surface
morphologies, features, and structures. X-ray diffraction was used to examine the composition of the
deposits. Reflectance was measured over the wavelength range of 2 to 55 pm employing a Perkin-
Elmer 983G IR spectrophotometer. The instrument is a computer-controlled, dual-beam, ratio-
recording spectropbotometer for measuring reflectance or transmittance of flat optical components with
a resolution of 0,03 .m and an accuracy of ± 0.1 pm. Bidirectional Reflectance Distribution Function
(BRDF) measurements at 10.6 1pm and angles from 0' to ± 30* were conducted using an advanced
optical scatterometer. The instrument measures optical scatter as a function of angle and position of
the specimen with an illuminated spot size of 5 mm.
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Figure I. Summary of the boron carbide coating experiments.

RESULTS

Coatings ranging in thickness from 15 - 60 unm were deposited on the graphite coupons.
Deposit finis-i:: -nged in color from shiny silver-gray to flat black, Upon closer examination it was
found that the scoping experiments produced coatings with a variety of morphologies as shown in the
electron micrographs in Figure 2. The majority of the coatings were characterized by smooth nodular
or slightly faceted surfaces, however, cylindrical, pyramidal, and cubic structures with sizes ranging
from < I to 20 ptm were observed on certain specimens. The highly textured coatings were produced
at processing conditions of 1473 to 1573 K. BCI,:CH, of 0.25 to 1.00, H:CI of 30, and a pressure of
3.3 kPa.

The goal of the project was to optimize the properties of the coating for a specific infrared
wavelength, ie. 10.6 Am, thus the optical properties of coatings with highly textured or rough surfaces
were measured, In general, less than I % reflectance from 2 to 55 plm was observed. Deposits with
fine, whisker-like structures were not examined optically for these coatings typically were fragile and
not adherent, The off-angle properties of selected specimens were then characterized. The results of
the BRDF measurements at 10.6 um from 0 to ± 30' for select coatings are shown in Figure 3. The
optimum coating exhibits a low BRDF response over a broad range of incident angles, and is a straight
line, characteristic of a Lambertian surface when cosine ckorrected.

X-ray diffraction identified only rhombohedral boron carbide in the coatings with the rough
morphologies. The exact composition of the rhombohedral phase, BC or B,,C,, has been the subject
of numerous studies, and continues to he a topic (of debate. Although it is difficult to distinguish
between the two phases, it appears that the composition of the deposits, the fraction of B,C or B,,C-
in the coating, was influenced by reactant gas composition and temperature. The B,C phase seemed
to be favored at higher methane concentrations and temperatures.
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DISCUSSION

The wavelength of interest in this study was 10.6 jm, thus surface features were tailored for
the far-infrared spectrum. Scoping deposition experiments produced coatings with surface features and
textures that exhibited low reflectance as indicated by the specular and BRDF measurements.
Deposition conditions were then adjusted to optimize the properties of the coating for the given
wavelength. Close control of the microstructure was achieved through variations in processing.
Highly-sloped and faceted structures with sizes on the same order as the wavelength exhibited the best
optical baffle properties.

The optical properties of select boron carbide coatings are compared to other materials in
Table 1. The use of BRDF at 0° to compare samples is appropriate since departures from Lambertian
perfromance are readily apparent. The polished metal sample is a case in point. Martin Black is a
standard to which optical baffle coatings are often compared.(1,4) Martin Black is an anodized
aluminum surface that is microrough. It exhibits a matte black finish and contains a proprietary aniline
dye. It was developed for the Skylab program and has been used in a variety of space instruments.(4)
The coating was originally developed for ultraviolet and visible applications, but has seen extensive
use in infrared systems. The Martin Black surface contains a variety of surface feature sizes and
exhibits good broadband properties. The properties of boron carbide coatings approach those of the
standard. However, it is expected that due to the high strength, stiffness, and hardness of boron
carbide, these materials will exhibit higher durability and survivability in the given applications. The
coatings are easily handled and appear to be extremely rugged. The ability of the boron carbide
materials to withstand man-made threats is currently being assessed.

Table 1. Optical performance of various materials at 10.6 jm.(I,4)

Specular
Material BRDF @ 00 Reflectance

(sr1 ) (%)

Polished metal l.7x10O 98.4
BC on metal 3.7x102  8.1
CVD Diamond 2.6xl02  9.9

Plasma-sprayed Be 4.8x10 2  1.6
Plasma-Sprayed B l.5xlO2  0.7

Martin Black 1I x 103 0.7

B4C on graphite I.9x10"2  ---
B/7 on graphite 6. lxlO5' ---
B4C on graphite 6. 8x0"3  0.7
B/C on graphite 4.3xlO3  0.5
B4C on graphite 3.7xIO' 0.5

CONCLUSIONS

The morphology and size of surface features for boron carbide coatings were modified by
altering deposition conditions. Rough or textured deposits exhibited low broadband reflectance and
a flat BRDF response in the far-infrared (10.6 pim). The coatings with the optimum optical baffle
properties possessed highly-sloped and faceted surface features and were produced at temperatures
between 1473 and 1573 K and BCI,:CH, ratios of 0.25 to 1.00. The size and shape of the surface
structures was influenced by deposition conditions, and thus the performance of the baffle coating
could be optimized through changes in processing.
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ABSTRACT:

The reaction of (100)Si with C2 112 in a hot wall CVI) reactor has been studied
using a X-ray photolectron spectroscopy, and a scanning electron microscopy. The
growth of the SiC films was observed through the behavior of Si?1 , peaks and their
plasmo'ts. Smooth surface morphology with a monolayer of SiC was obtained at 950WC
for 7 minutes and defects were observed for longer reaction times at this temnperat ore
For higher reaction temperatures (e.g. 1000'C), defects were observed for reaction
times as short as 10 seconds. The formation of defects was correlated to the
out-diffusion of Si in the carborization process.

INTRODUCTION:

Growth of single crystal 0--silicon carbide (SIC) on a (ltt0)Si substrates by
Chemical Vapor Deposition (CVD) is generally carried out at high temperatures. In
growing SiC single crystals by a one step process, some problems were encountered
which are related to the large mismatch (20%) in lattice constants, and the differences
in thermal expansion coefficients between the deposited SiC film and the underlying Si
substrate (8%) 1). Therefore, the resulting SiC films often exhibit ptor morphology
In addition, peeling of SiC film from the Si substrate is ofetn observed after the
deposition. Furthermore, in depositing SiC films etching problems were reported for
Cl-based precursor systems (e-g, CH 20C[--Silli- 112 and C ItSiCI2 ) because of the
formation of Cl and C113 radicals 121.

Growth of a buffer layer has been proved to be a necessary step in obtaining good
quality SiC films on Si substrates [3[, This buffer layer is generally grown at relatively
low temperatures, after which the substrate is raised to higher temperaturef for
carrying out the bulk growth of SiC films. The buffer tayer is grown by either reacting
Si substrate with a hydrocarbon gas or by sputtering SiC onto the Si substrate [.t1
Table I shows various hydrocarbon gases and the reaction parameters Ohat arc used for
the conversion of Si surfaces to SiC layers. Note that the reactions haio "cen carried
out in high vacuum and cold-wall systems which are not compatible with the l)o
pressure chemical vapor deposition (IPCIVD) processes which are often carried out in
hot wall reactors to increase the throughput. Therefore, in this work the reaction
between acetylene (C2fl2 ) and (100)Si substrate was studied to obtain the optimum
parameters to grow buffer layer in a conventional horizontal hot wall C I) reactor in a
low pressure. Emphasis will be given for the formation of surface defects during the
reaction of C.112 with Si substrates.

EXPERIMENTAL PROCED)URE:

Single-crystal (100)Si substrates were used in this study. Before introducing the
substrates into the reaction chamber, the organic contanination on the surface of Si
substrate was first washed out by using acetone and then by dipping into methanol
Following these procedures, the residual surface oxides were etched by 10 wt% IIF for
10 seconds. Finally the substrates were cleaned by distilled water. Prior to
transferring those Si substrates into the reactor, the surfaces were dried by dry
nit rogen.

The reaction chamber was first evacuated to the based pressure of lio- torr And
the wafers were heated to the reaction temperatures, range from 950 to litOWC., in a
flowing hydrogen gas at a pressure of 1.8 torrs. A fter the temperature equilibriation
the hydrogen fl,;o' was turned off and acetylene gas was introduced at a pressure of

Mat. Res. Soa. Symp. Proc. Vol. 250. 1992 Materials Researchr Society
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0.1-0.12 tort. After the reaction was completed, the substrate was furnace cooled in
hydrogen at a pressure of 1.8 torts. The surface characterization was carried out by
using a Kratos x-ray photoelectron spectroscopy (XPS) with a MgKa x-ray source.
Scanning electron microscopy (SEM) was used to obverse the surface morphology of
the reacted Si substrates.

RESULTS AND DISCUSSION:

I. Reaction products
The course of the reaction between Si and C2H2 was monitored by following the

changes in Si2p and C•s XPS peaks and the plasmon loss features of Si2p. Figure l
depicts the Si2p spectral region for the (100)Si surface before and after the reaction
with C2H2 at the reaction temperatures of 950 and 10000C for various reaction times.
The Si2p spectrum for a clean (100)Si substrate is shown in Figure I(A). In Figure
I(A), The major peak is the Si2p peak and the less intense feature which has the energy
loss of 17 eV was the bulk plasmon loss feature from Si substrate. The small shoulder
in Figure I(B), which was about 3.5 eV higher than the major Si2t, peak, was believed
to be from sin2 O11 the surface of the substrate due to the contamination from the
atmosphere. As the reaction temperature increased from 950'-:C to 10000C, the
inteasity of this Si plasmon feature decreased, while that of a second plasm<m loss
feature at about 22.5 eV increased, as shown in Figure I(B)-I(D). This latter feature
corresponds to the bulk SiC plasmon as discussed by Bozso and co-workers [16],

The si=5, plasmon 1Gas feature at about 22.5 eV provides the evidence for the
formation of SiC. Additional information can be obtained by following the
deconvolution of Si•p peaks of Figure 1, as shown in Figure 2. The Si•p, with the
binding energy of 99.1 eV, from clean Si substrate is shown in Figure 2(A) for
comparison with that of reacted Si substrates. As depicted in Figure 2, the relative
intensities of Si2p from the Si substrate decreased as the reaction temperature increased
from 950oC to 1000•C {Figure 2(B)-(D)). Furthermore, for samples which were
reacted at 1000•C, the ,qi•v peak from Si substrate disappeared if the reaction times
were longer than 40 seconds. For reaction times laonger than 40 seconds at 10!)0•C,
the spectra of the samples were essentially similar to the ones depicted in Figure 2(D)
It was also observed that the relative intensities of € •,,'• " from SiC were smaller
for the reaction parameters of 9500C for 5-11 minutes • •..ose prepared at t(•00eC
for less than 5 minutes. This indicated the SiC films obtained at 1000•C were thicker
than those prepared at 9500C. By deconvoluting the Siap spectra of Figure 2, and
assuming that the mean free paths of the photoelectrons in Si (,•,i = 2.25nm) and SiC
are the same, the surface coverage of the reaction product can be estimated by using
the following equation [10]:

R = (ps•/p,,i,:)*{exp(-d/)•siCosO)/{l.--exp(-d/A•iCosO)}} (1)

where R is the intensity ratio of Si2p from Si substrate to that from SiC laver; d is the
thickness of the SiC layer; and Psi and p.<c are the densities of Si atoms in •Si substrate
and in the SiC layers, respectively; 0 is the angle between the norma! direction to the
sample surface and the photoelectron detector. Using the equation {1), it was found
that the surface coverage at 9500C (for 5 to 11 rain) is limited to about 0.5 to 1
monolayer of SiC, while at 1000•C (for 10 to 20 sec) the SiC thickness is around 30:•,
which corresponds to several monolayers. Our inability to observe the Si2p front Si
substrate, for reaction times longer than 40 seconds at 10000C, can be attributed to
thicker SiC product layers in comparision to the nominal XPS sampling depth

"Fable 1I shows the binding energies of Si2p peaks for specimens that were reacted
at different conditions. For specimens arected at 9500C, the binding energies and the
energy differences among these peaks agreed very well wi'h the reported values.
tfowever, for the samples prepared at 1000•C, the Si2t• peaks of SiC and sin2 were
slightly shifted to higher binding energies (0.4 to 0.5 eV). The shift to higher bindin.,:
energies is also confirmed by careful measurement of the plasmon loss features lit
Figure 2(C). This shift to the higher binding energies can be attributed to the
differential charging of SiC and sin2 in comparision with Si.

The stoichiometry of the SiC product layers was determined from the

Si I I I I II I I II I II I I I It
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Table 1: Tne conversion of Si to SiC

C-source Temp (OC) Pressure Chamber References
(torr) type

C2 H2  900-1100 10-6l0-4 cold wall 5
C2112  800-1100 10-7-5.10-4 cold wall 6
C2H12  1130-1370 10-5-10-12 cold wall 7
C2H 2  1225-1380 5-10--3-10-3 cold wall 8
C2H2  900-1200 2-10-6-3-10 -6 cold wall 9
C21I2  900 7.6-10-6 cold wall 10
C2112  950 10-6 - 11

*C2112 837-1037 7510-10 cold wall 12
C2H, 1280-1330 7.54t0"7 cold wall 13
C2H4  1360 7.5-10- cold wall 14
C 2H 4  1327 - - 15

*C2114  667 4-10-5 cold wall 16
*CH1 697 640"t- cold wall 17
Call8  1000-1170 - - 1
C3 H6  1360 - cold wall 18

* molecular beam

"Table 11: Binding energy of Si 21,

Si2 p (eV) l31E (Sic-Si)

T(OC) Time Si SiC SiO,

950 5-11 miin 99.1 100.5 102.6 14eV
1000 10-20 sec 99.1 101 !03 1,9 ev
1000 40 sec - 5min - 101 103

Table 1II: Times for C and Si atomsto diffuse through the SiC barrier

C in SiC Si in SiC

T(7C) r(5,) T(5A)
(sec) (scc)

900 1-1011I*10 :
950 8-101 2l1112
'000 5-108 1,111
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deconvoluted Si~p and C1, peaks. In general, the converted SiC layers obtained in this
study were slightly Si-rich, which can be attributed to the rapid supply of Si atoms
when comapred to carbon atoms [12]. The Si-rich SiC layers were also observed for
the reaction between Si and other hyd rocarbon gases [10]

1I. SEM morphology
The morphology of the (100)Si surfaces reacted at 9500C are shown in Figure 3

As Shown in Figure 3(A), no defects were observed fo)r the samples reacted for 7
minutes. The presence of defects was initially observed only when the reaction time
was increased to 9 minutes at 9500C (Figure 3(13)). Figure 4 shows the morphology of
the reacted (100) Si surfaces at 10000C. In constrast to the samples reacted - 950C.
the presence of defects can be observed for reaction times as short as 10 seconds at
10003C. Initially the defects were nondescriptive, as shown in Figures VI(A) With
increasing reaction time, the defects increased in size and depth (Figures 4(13)1. It was
also observed (Figure 4) that the defects began to acquire regular edges with increasing
time.

The high magnification microgfaph of defects. for the reaction timres Of I',
seconds and 3 minutes at It10(tWC, were shown in Figure 5. As ran b)0 SL.'n frM Vi gure
5, the edges of defects were more well-defined for reaction tones Of 3 mill than those
reacted for just 10 seconds. According to Newman et al. 19], these edge f tfin defet.ts
were believed to be lying parallel to silicon <I I0> directions. The formation of these
defects is realted to the etching of the substrate which exposes the (IIl) planes of Si
due to the slowest out-diffusion rate of Si from these planes. The resulting pyramidal
shape defects can be seen (Figure 5(B)) in accordance with this model.

Il. Defect formation mechanism
It is believed that the defect formation is closely related to the out--diffusion of Si

during the reaction. Strinespring et al. 120] argues that the Si atoms must be supplied
by out-diffusion if the product SiC layer exceeded a monolayer in thickness becuase of
the nonreactivity of the hydrocarbon gases with SiC, Since the diffuii vi jies of either S1
or C through the SiC layer are extremely small, it is thought that the plresence of
defects would provide a bypass route for the out-diffusion of Si atorns. Therefi)re, it is
expected that the presence of defects can be observed if the reaction times are greater
than 9 min. at 950CC, becuase under these conditions 'e SiC thickness will be about
one monolayer(Equation (1)).

The need for the formation of defects may also be illustrated by c:oýnsidering the
diffusion times (r) for a carbon or a silicon atom. The following appr.xiniate equotion
may be used to estimate these valves (21:

where D is the bulk diffusivity and i the thickness of the SiC product laver Table Ill
shows the values of r, assuming I = 5A (i.e. about one .ionolan ver of Sit-) at different
temperatures used in this study. The values of measured diffusivities of C in SiC( 22.j
aand Si in SiC [23] were used for estimating r values. Looking at the r values listed in
Table I11, one can easily conclude that monolaver of SiC is a very effective diffusion
barrier. Therefore, the occurence of defects is a necessary condition for the
out-diffusion of Si and for continued formation of SiC with thicknesses equal to several
monolayers. This phenomenon is consistent with the report that 5AI of SiC layer could
act as a barrier layer to block the growth of metal silicides on Si surfaces [24I.

One of the possible mechanisms for the formation of defects on (100) Si
substrates can be described as follows. A Si-rich, monolaver thick SiC layer is first
obtained without the formation of defects. Since t'is Si( noniola yer is an eff ctive
diffusion barrier, defects are formed to provide the bypass for Si out-diffusion. 'the
sizes of the defects increases with increasing reaction times and temooperatures and they
finally grow into the Si substrate [t. Meanwhile the thickness of the SWo laver is
increased. Since these newly formed SiC layers again act as a diffusion barrieirs, defi cm
sizes will be increased to provide paths for the out-diffusion of Si In other words, the
size and the depth of the defects increases with increasing time a( a given tenperatren'
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Figure 3: Surface morphology of Si substrates reacted at 950:'.C for (A) 7 ruin (B3) 9
min.

-
S

Figure 4: Surface morphology of Si substrates reacted at 1000TC for (A) 10 sec (B) 5

5: Surface morphology with high magnification of Si substrtes rea te at I O)C for

(A) 10 sec (B) 3 min.
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SUMMARY:

In a horizontal, hot-wall CVD reactor, the 4Chemical conversion of (l00)Si
surfaces into SiC was achieved at temperatures between 9500C and LOOOOC and at low
pressures using C211, as the carbon source. The growth of the SiC films was observed
through the behaviour of Si2,, peaks and their plasmons. B~ecause the Si atomns were
supplied faster than the C atoms, the converted SiC layers were Si-rich. An excellent
quality SiC layer was obtained with smooth morphology for a 7 minutes reaction at
9500CC. Defects were observed when the reaction times were longer than 9 minutes at
950',C. However, for the specimens reacted at 10000C, the defects were formed for
reaction times as short as 10 seconds. A monolayer thick SiC is formed for 9.5()C
reaction whereas, several monolayer thick SiC is formed at 100OCC. It is argued that
the presence of defects provide effective paths for the Si out-diffusion in the
carborization process. A possible mechanism for the formation of defects was
proposed.
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EFFECT OF HIGH TEMPERATURE ANNEALING ON THE
MICROSTRUCTURE OF SCS-6 SiC FIBERS
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OH 44106
*NASA Lewis Research Center, Cleveland, OH 44135

ABSTRACT
The effect of annealing the SCS-6* SiC fiber for one hour at 2000*C in an argon

atmosphere is reported. The SiC Prrains in the fiber coarsen appreciably and the intergranular
carbon films segregate to the grain junctions. It would appear that grain growth in the outer part of
the fiber is primarily responsible for the loss in fiber strength and improvement in fiber creep
resistance.

INTRODUCTION
SiC fibers are potential candidates as reinforcements for high-temperature ceramic-matrix

composites. Thus, an understanding ý_' the fiber microstructure and its relation to the n•:cha, ical
properties of the fiber is essential. In particular, it is important to know the changes that take place
in the microstructure of the fibers that have undergone high temperature exposure. Such changes
may have a significant effect on the high temperature mechanical properties of the fiber. Thus. it
has been reported that the tensile strength of SCS-6 fiber decreases significantly after high
temperature annealing [1,2]. Also, DiCarlo found that the creep resistance of thermally annealed
fibers at temperatures greater than 1400*C was enhanced I[I. In this paper, a microstructural
characterization of SCS-6 fibers after annealing at 2000°C iii argon will be presented. The
microstructure of the annealed fiber is compared to that of an as-received, un-annaled, fiber.

The microstructure of the SCS-6 fiber has been already investigated in detail 131. Figure I
shows a schematic diagram of the microstructure of an SCS-6 fiber cross-section.

outermost C

coating

SiC 4 thecroess

sic irsu r
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61am lnner-C diagram of the cross-

Coating sectional microstructure

1.5pJm of an as-received SCS-6
fiber (from 131).
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EXPERIMENTAL PROCEDURE
SCS-6 fibers were annealed for 1 hour at 2000'C in a graphite element furnace. The fibers

were enveloped in a graphite sheet in order to avoid contamination. The furnace temperature was
measured with an optical pyrometer with an accuracy of ±10-C. Annealing was carried out in an
argon atmosphere (0.1 MPa) of commercial purity. Annealed fibers were mounted in an epoxy
mold, mechanically polished and plasma etched for optical microscopy. For preparing TEMt
specimens, a technique described previously (31 was used.

RESULTS
The tensile strength of the fiber decreased from -4 GPa to 0.7 GPa after annealing. Fig. 2 is

a cross-sectional optical micrograph of the annealed SCS-6 fiber. The coarsening of SiC grains in
the outer pans of the fiber, which corresponds to the SiC-4 region in Fig. 1, can be clearly seen.

FIG. 2. Optical micrograph of the annealed SCS-6 fiber cross-section. The fiber was plasma-
etched after mechanical polishing.

According to 131, the core of the SCS-6 fiber - consisting of a carbon monofilament - and
also the inner pyrolitic coating of this core, consist of turbostratic carbon blocks [4,51. The TEM
investigation of the annealed fiber showed that there are no noticeable changes in the
microstructure of the core carbon monofilament and the inner pyrolytic carbon coating of the fiber.
This is both in terms of the size and the distribution of the turbostratic carbon blocks.

The SiC parts of the fiber, consisting of heavily faulted cubic, P-phase, can be divided into
four regions based on differences in grain size and the C/Si ratio 131. Within the resolution of the
SAM (Scanning Auger Microscopy) technique, the C/Si ratio of the SiC layers decreases on
moving away from the center to the outer regions until the SiC becomes stoichiometric in the SiC-4
region. After annealing, the (V-SiC grains in the SiC- I layer immediately adjacent to the pyrolytic
carbon coating, have transformed into equiaxed grains with sizes in the range 50-150 ian. Fig. 3
shows a TEM micrograph of this region. This should be contrasted with the small rod-shaped
particles with lengths of 5 to i5 rm and an aspect ratio of -10 in the as-received fiber. In Fig. 3.
each SiC grain is heavily faulted on that set of {i 11l) planes w1';-h is more or less normal to the
fiber radial directions.

In going away from the center, ( -1 Am from the interface with the inner carbon coating) the
grain size increases in the SiC- I region of the as-received fiber: they become longer (50-150 nm)
wit! thc wc~nc asper, ratio nf 1P. 'i -,,t, 0- * v,'- gra-n bm , soe,o•ore progresiveiv 'soiqv',.i- in
moving toward the interface with the SiC-2 region. In the annealed fiber, however, the size of the
equiaxed round-shaped grains is roughly uniform throughout SiC-I (Fig. 3).



Fig. 3. Cross-sectional TEM micrograph of the SiC-I region in the annealed fiber. Note the
coarsened SiC grains and the segregated carbon.

In [3], it was suggested that the SiC grains are always stoichiometric and the non-
stoichiometry in SiC-1, SiC-2, and SiC-3 regions arises from the presence of carbonaceous films
at the SiC grain boundaries. The present investigation supports this suggestion. Fig. 3 shows
that in these regions of the annealed fiber, the carbon films have clearly migrated from the Oi-SiC
grains and have segregated to the SiC grain junctions. At these junctions, the carbon forms a
distinctly separate phase with a ribbon morphology (Fig. 3). Each ribbon is a block of turbostratic
carbon with an interplanar spacing of 0.34 nm. The basal planes of the ribbon are preferentially
oriented parallel to the C/SiC interface. This can be clearly seen in Fig. 4 which is a HREM
micrograph of the interface between a carbon ribbon and a SiC grain in the SiC-I region.

Fig. 4. HREM micrograph of the interface between a segiegated carbon ribbon and a
coarsened SiC grain.
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From an analysis of the TEM micrographs, the atomic concenu.ition of carbon in this region
is estimated to be 57.7% which is consistent with Auger results obtained from the as-received fiber
13,51. This implies that the carbon concentration does not change with annealing.

Unlike the SiC-1 layer, the microstructures of SiC-2 and SiC-3 layers are essentially the
same as that of the as-received fiber: they consist of columnar grains with an aspect ratio of 5-10.
The one notictable difference, however, is that the TEM images of the SiC grains are muc,
sharper in the annealed fiber. We think that the reason for this lies in the fact that the carbon,
instead of forming a thin film covering the SiC grains, has segregated at the junctions of the SiC
grains during annealing. The estimates of carbon concentration in these two regions are consistent
with those of the as-received fiber as determined by Auger spectroscopy 131. In the latter case, the
carbon could not be actually imaged, because it was distributed diffusely around the SiC grains.
The morphology and the structure of carbon segregants in these two regions are similar to those in
the SiC- I region, except that the carbon concentration is lower (55.3 atom % and 53.8 atom %,
respectively).

After annealing, the microstructure of the inner part of SiC-4 immediately adjacent to SiC- 3
remained unchanged within a thickness of -3 prm. This can be clearly seen in Fig. 5.

Fig. 5. TEM micrograph of the SiC-3/SiC-4 interface. The SiC-3 region and the inner (-3 -n)
part of the SiC-4 region are very similar to the same regions in the as-received fiber, except
for the carbon segregation to the junctions of the SiC grains in the SiC-3 layer. The grains in
the outer parts of SiC-4 are greatly coarsened.

The contrast of 3-SiC grains in the SiC-3 region of the annealed fiber is much sharper than it was
in the as-received fiber presumably due to carbon segregation and the consequent removal of the
carbon films enveloping the grains during the anneal.

The grains in the rest of the SiC-4 layer are greatly coarsened by a factor of 5-20. Unlike
the as-received fiber, where the shape of the grains is rod-like, the grains change to an equiaxed
morphology with a diameter of a few microns (on average -3 pm). Fig. 6 is an image of the
coarsened SiC grains in the SiC-4 region. The degree of preferred orientation in this region is
lower as compared to the same region in the as-received fiber. No carbonaceous region has been
found in the SiC-4 region both before and after annealing. The absence of intergranular carbon
films in this region is consistent with the suggestion that the SiC-4 region is stoichiometric in the
as-received fiber 131. The driving force for the particle coarsening during annealing is partiatly



from thermoactivation, and partially from the relaxation of residual stresses which arise during the
CVD deposition I1].

Fig. 6. TEM micrograph of the outer pan (>3 pm from the SiC-3/SiC-4 interface) of SiC-4
layer. The SiC grains are greatly coarsened.

As reported earlier [3-6], the outermost fiber coating is a multilayer composite by itself
consisting of a carbon matrix reinforced with different densities of [3-SiC particulates of varying
sizes. The fiber coating can be divided into three sublayers (see Fig. 1): sublayers I and 3, with
slightly different thicknesses (1.7 pin and 1.3 um, respectively), have essentially the same
microstructure of SiC-reinforced carbon while sublayer 2 is a --0. 1 pum thick carbonaceous region
with basically no SiC particulates. Sublayer 2 separates sublayers I and 3 and is the weakest
region in the coating [61. After annealing, there is an even clearer distinction between the three
sublayers. The reason is that the coarsening of SiC particles in the B zone (the SiC-rich region.
see [3]) of sublayers I is much greater (from 5 nm to 200 nrm) than the coarsening in the A zone
(the SiC-poor region, see [31) (from 30 nm to 100 rim).

..y,, .Layer 2

Fig, 7. Cross-sectional TEM micrograph of the outermost coating of the SCS-6 fiber after
annealing.
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As in the as-received fiber, the density of SiC particles is much higher in the B zones than in
the A zones (Fig. 7) and, as a result, the Si/C ratio is higher in the former than in the latter zones.
This is also the case in the as-received fiber where the Si/C ratio was determined by PEELS (set
Fig. 19 in [31). The absence of SiC particles in sublayer-2 can be clearly seer :n Fig. 7 All the
carbonaceous material in the coating is graphitized to different degrees 51 implying that the
turbostratic carbon blocks are more ordered as compared to the same regions in the un-annealed
fiber. The graphitization is highest in sublayer 2 which could be due to the absence of SiC
particles in this layer.

DISCUSSION
The reason for the larger grain growth in SiC-4 (-30 gim) than in SiC- 1 (-5 pim) cou!d be

the presence of carbon films in the latter. During annealing, the extra carbon must first diffuse,
along the SiC grain boundaries and segregates at the grain junctions. Subsequent to this, the SiC
grains will be interconnected and the process of SiC grain growth can proceed. If, however, the
annealing time is not sufficiently long, or the annealing temperature is not sufficiently high, SiC
grain growth in the carbon-rich regions will be much slower, or may not even occur. On the other
hand, in the stoichiometric SiC-4 region, where no carbon films envelope the SiC grains, grain
growth can immediately start on annealing. Thus, the growth rate will be higher in this region than
in the carbon-rich regions (SiC-l, SiC-2, and SiC-3).

Because the SCS-6 fiber has a composite microstructure, under tensile loading the outer
region, i.e. SiC-4, is the primary element controlling bulk properties such as fiber creep. It would
appear then that the enhanced creep resistance after annealing is primarily the result of grain growth
in the S*C-4 region. Since the other film regions show much less change after annealing, it would
appear that this grain growth is also responsible for the loss in film strength.

CONCLUSION
There are significant changes in the microstructure of the SCS-6 fiber after annealing at

2000'C. The changes are least in the carbon monofilament and the pyrolitic coatings of the fiber
In the SiC-1 region, the SiC grains coarsen and change their morphology from rod-like to
equiaxed. In addition, in this region, the carbon films enveloping the SiC grains segregate :o the
grain junctions. There are little changes after annealing in the morphology and grain size of SiC in
the SiC-2 and SiC-3 regions except for the segregation of the extra carbon to the comers of the SiC
grains. Except for the innermost 3 lm region, the SiC grains in other parts of SiC-4 layer are
coarsened. There is graphitization of the outermost carbonaceous coating after annealing and
coarsening of the SiC particles within the coating. The graphitization occis to different extents in
the different regions of the coating. The changes in the fiber microstructure on annealing is
accompanied with changes in the mechanical properties of the fiber. The observed decrease in the
strength of the fiber and increase in creep resistance appears to be the result of the grain coarsening
in the SiC-4 region.
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ABSTRACT

Plasma-assisted chemical vapor deposition (PACVD) is used extensively to coat planar
(2-dinensional) substrates. In principle, the technique can be used to deposit coatings on
3-dimensional objects. However, extending PACVD to Lcat 3-dimensional objects anifornniy
requires careful control of the plasma, substrate temperature, and reactant concentrations over
a large volume. A novel low-temperature radio frequency PACVD rtactor design was devel-
oped to dept,c't coatings uniformly and reproducibly on 3-dimensional metallic substrates. Tihe
design features a temperature-controlled reaction chamber fitted with one or more rf-driven
electrodes to generate uniform, large-volume plasma. The reactor was used to develop a series
of silicon carbide coatings, %hich were deposited at or below 500"C7 The coatings cntain SiC
and varying amounts of free silicon z-d/or amorphous carbon (diamond-like carbon), depending
on reagent gas composition and reactor operating paranmeters. The coatings significantly
reduced wear on stainless steel samples in ball-on-disk and abrasive wear tests and provided
oxidation protection to molybdenum and titanium alloy.

INTRODUCTION

Chemical vapor deposition (CVD) processes are used routinely wo fonn coatings on
complicated 3-dimensional substrates such as cutting tools and rocket nozzles. Plasma-assisted
CVD, however, has been largely limited to electronic applications, principally for fabricating
electronic devices, PACVD has also been studied for tribological applications, and published
papers on the subject go back at least to the late 1970s and early 1980s [1,21. The deposi-
tion technique has several advantages over conventional CVD, because hard, adherent coatintgs
can be formed at relatively low temperatures (typically less than 600'C vs. more than 1000"C
for CVD). In PACVD the reagent gases are dissociated, excited. and partially ionized by
energetic plasma electrons, which have temperatures of 5.000 to 20,000 K. The activated
reagent species combine chemically on all surfaces exposed to the plasma and are not limited
by "line-of-sight", as in physical vapor deposition processes.

This paper describes a PACVD techniqc,Ž which deposits hard ceramic coatings on
3-dimensional metallic substrates. The coating material most extensively studied has been
silicon carbide; the coatings have varyinc, amounts of free silicon, stoichioltetric SiC, alld
dianond-like carbon (DLC). The composition was controlled by varying the flow ratio o.f
carbon- and silicon-carrying reagent gases and reactor operating parameters; coating hartoesi,
was found to be directly related to the C/Si atomic ratio in the deposited material.

REACTOR DESIGN

The capability to coat 3-dimensionA components is provided by the PACVD reactor
chamber design shown in Fig. 1. Substrates with dimensions up to 8 cm in length and 3 cm

Mat. Res. Soc. Symp. Proc. Vol 250. '1992 Materials Research S---.y
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Table II P, opirtiws ot PA.('D f llt iu,,s for etaluaoion .tU,'.(

Coating Composition C/Si Vickers Thickness
Code Coating hardness (ltrnm

Ratio (GPa)

A Si + SiC 0.63 17.8 2.7
B Si + SiC 0.71 12.5 29
C Si + SiC 0R83 175 3.4
D Si + SiC 0.89 20.1 2.
E SiC + DLC 1.7 45.5 3.4

0.32 cm thick wear disks, with a 0.6 cm dO:uaneter, uncoated, hardened 52- 100 chromium steel
ball. Testing continued for a minimum k f 4,000 revolutions at a constant load of 5 N and a
relative surface speed of 10 cm/s. The tests were performed unlubricated, in air at 1% relative
humidity, and lubricated with Mobil SHC 626 oil. An uncoated control disk and coated speci-
mens from three PACVD runs were lightly polished and cleaned with dry ethanol prior to test-
ing. Fiction coefficient was calculated from the applied contact force and measured drag
force; wear rate per unit contact force was calculated from the measured volume loss at the end
of the test.

Table III shows measurements of friction coefficients and wear rates for dry and "ubricated
environments. Although the friction coefficient appears to be little influenced by the coatings.
it is clear that the wear rate in the unlubricated dryx and lubricated environments was signifi-
cantly reduced by the coating containing SiC plus diamond-like carbon. This s,,a particularly
true for the test with oil 1hricani, where no measurable wear was noted on tile coated disks
after I.Oxl0" revolutions.

Table liI Ball-on-disk friction and wear testing results.

Dry Lubricated

Coating Friction Wear Rate* Friction Wear Rate*
Code Coeff. (100" m2 N ') Coeff. t(0M5 m2 N')

Uncoated 1.12 322 0.06 0.06
A 0.96 74 0.07 Ixl()5
B 0.95 06 0(07 Itx -
E 082 23 0_07 [. .l

Tabulated wear rates are the sum of disk anid ball wear measurements.

Abrasive Wear Testing

A Model 503 Teledyne Taber tester was used to study the abrasive wear properties of SiC
coatings from runs B. C. and E. The coated specimens and an uncoated control were tested
using a mild CS-17 abrasive wheel at a constant load of 9.8 N. Phe test plocedure involved
(a) abrading uncoated and coated test specimens for a pre-specified number of revolutions; (bi
wiping specimens with a cloth lightly wetted with methano! to remove debris; (c) examining
the specimens for weight loss and coating failure. and (d) repeating steps (a), (b). anud (0I uotil
coating failuwe.



TI ii' . titled specitnen.� testet I w nh tite nd Id ahrast ye CS- I 7 wheel shoss cit ci rip ide
Ii iwer is-car rites than the nircoated control whic h showed a weight I os' of I 8 org it te r Ii

re ol iii ii tits [he weight Iss of the coat tugs fr.ri ii runs Fl. C. and F ss as I 7 aid S trig

respect ivel v Apparently the solter. ttir'te ductile coatings contalnirw a mixture itt Si anti S C
had liv iter res St ante to abi ass C 55 ear tutu the harder coat Irtg containing Si. Sit, and I )l A

Ox idattoit lest tug

Molybdenum and Tij6.AI/4V specintens coated in run I) were tested to detenitioc their
oxidation behas' or at temperatures equal to or less than 650�C An uncoated and the Si(
coated Mo specitnens were heated in a muffle furnace to 650'C in flossing air, the sample'
were emoved periodically from the fit mace anil inspected for cilat itig titegrit� antI we igl it

change Test results. sumniarizeil in Table IV. showed a significant weught gain liv the tit-

ct rittet I Mo specinuen after I 2 hour e.spo.s tire ti VtSlV C a it. The 2 ft p in thtck coating pi ttv itlci
excellent resistance to Oxidation: the sample's weight increased insignttmcitntlv lining the I �i I

hour test Scanning electron microscopy i SlM dier 48 hours of testing showed tli.it the coat-

ttig was developing surface cracks. althttctgh no weight change was measured fincrgs- chi'pei
site spectroscopv identified rio Mt or other foreign elements in and around the sudace crack'

Uncoamed and coated TiIfAII4V samples were heated in the muffle fumace itt air, for 24
hours at 551PC antI at @00'C for tl� remainder of the test. The specimens ssere removed pert

odically from the furnace for inspec ion of cirarinig integrity ..�rd weight change As shown iii

Table IV. little weight variation occurred for the initial 24 hour period, at which titne the ciii-

perarsire was increaserl to accelerate oxiilatioir The small weight gaiti of the coated Ti/6A1/4 V
specitoen gives a clear indication that tIre SC coat jug pros irled ox itlatiort pt titect on

Table IX It ci g/rt gain in t2 / pci * irs din-tn g sidatit 'it Icson g r S dii

I I -r-� � .

Coating 8 hrs 12 hrs 24 hrs 36 hrs 108 hrs 1811 Firs 11)2 hrs
- - - - -

M lvb len m Spec ncn

I S2 239* 1 - I
1.5 0.4 0.6 j -* 1.0 1.3 I.Q --

Ti/hAl/4V Speciniens

ljncrotted 0.6 j--j T7T� i�i

.0.1 J--� -04 -- 0.4
___-- -----.- __ (IX

* Test iliscotninuieil.

I 'C )N( 'I .i 'sIt )r45

Uniform, adherent SiC coatings have been deposited an low temperature by PACVI) un
3-dinietisiotral substratr� of several different metals. The coatings have a wide range of

compirsition and physical propenies. depending principally on the coorposition of the reactant
gas tnixlure. The coatings were shown to improve friction and wear. abrasis'e wear, and oxida-
tion behavior of several substrate metals and offer potential for applications such as hearing
races. cutting tcmols. thread guides. and pans in hot engines. The PACVE) process is compatible
with many ather coating nt�.em als, for which it wide range of applications should be found
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THIN FILM PROPERTIES OF LPCVD TiN BARRIER
FOR SILICON DEVICE TECHNOLOGY

RAMA I. HEGDE, ROBERT W. FIORDALICE, EDWARD 0- TRAVIS AND PHILIP

J. TOBIN

Advanced Products Research and Development Laboratory,
Motorola, Inc.,
3501 Ed Bluestein Boulevard,
Austin, Texas 78721

ABSTRACT

Thin film properties of LPCVD TiN barriers deposited on Si(100), using TiCI4
and NH3 as reactants, were investigated as a function of deposition temperature

between 400 OC and 700 °C. The TIN film chemistry and film composition were
studied by AES and RBS techniques, while the microstructural properties (grain
size, lattice parameter and texture) were evaluated by XRD. The TiN deposition
rates and film resistivities were also determined. Finally the film properties of
the TiN barriers as determined by surface analysis were related to the process
parameters.

INTRODUCTION

In the microelectronics industry titanium nitride (TiN) is primarily used as a
barrier layer to prevent interdiffusion of silicon and aluminum metallization, and
as an adhesion layer prior to LPCVD blanket tungsten deposition [I - 81.
Conventionally, TiN films are deposited by reactive sputtering or, by thermal
nitridation of sputtered titanium layers. As integrated circuit (IC) feature sizes
shrink to deep submicron dimensions, films produced by these techniques suffer
from poor step coverage, especially in submicron contact holes with high aspect
ratios, causing barrier and adhesion properties to degrade. However, TiN films
produced by low pressure chemical vapor deposition (LPCVD TiN) provide
excellent step coverage and good diffusion barrier characteristics 11 - 81.

EXPERIMENTAL

LPCVD TiN depositions were carried out in a rapid thermal chemical vapor
deposition (RTCVD) system, which is a load locked, single-wafer cold wall reactor,
with linear cassette to cassette wafer transfer. The substrate is radiantly heated
from the backside. A thermocouple in contact with the center of the substrate's

Mat. Res. Soc- Symp. Proc. Vol. 250. , 1992 Materials Research Society
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backside provides closed loop temperature control within + 1% of set point. TLN
depositions on Si<100> were carried out between 400 OC and 700 oC using TiCI4
and NH3 reactants with Ar as a carrier gas. TiN films were characterized by Auger
electron spectroscopy (AES), Rutherford backscattering (RBS), x-ray diffraction
(XRD) and transmission electron microscopy (TEM). Oxygen and carbon contents
were determined from AES. Chlorine levels were determined by both AES and
RBS. Sheet resistance of the films was measured with a Prometrix four point
probe. Film resistivities were derived from the sheet resistances and film
thickness. Film thicknesses were measured by x-ray fluorescence and calibrated
with cross-sectional TEM. Deposition rates were calculated from the thickness of
deposited TiN film.

RESULTS AND DISCUSSION 2 0-

Film chemistry 'o

LPCVD TiN film deposited at 650 oc is 1 .s•
shown in Figure 1. The Auger peak 'n 0

intensities for Ti+N (380 eV), Ti (418 Iwo

eV), 0 (503 eV), Cl (181 eV), and Si (92 -1; .

eV) in TiN films formed at 400 oC and - 'W, sco 7W 9oo W•,
700 OC are shown in Figures 2A and 2B, KINEniC ENERG(.1V)

respectively.
Figure I

Titanium nitride (TiN) films are
,u .formed at all deposition temperatures, and

. ,\.c have uniform composition across entire
, , .*film. Increase in the TiN film thickness

was observed with increasing deposition
.emperature. Depending on deposition

um.• temperature, varying amounts of chlorine
(CO), and oxygen (0) impurities are found in
the TiN films. No significant level of

-- carbon was detected in any of the TiN films.
For the films deposited at 650 °C and 700

~40 OC, the bulk of the TiN layer is oxygen free.
The 0 content is relatively low in all the

S..... films (7.7 at% to 2.9 at%), and they are
a- 40 --- comparable to the levels typically found in

S 'At T *,4) reactively sputtered TiN films 141.
Figure 2
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In contrast to oxygen behavior, the Cl content of these films show a
correlation with the deposition temperature, With increasing deposition
temperature a decreasing Cl content was measured. Films deposited at 700 °C
contained as little as 1 at% Cl. A similar trend in the chlorine behavior has been
reported by several workers [2, 3, 5 - 9].

Film composition

RBS was conducted to accurately determine the stoichiometry of the TiN.
AES measurements were compared to the composition determined from RBS.
The [Ti+N]380 eV : [Ti]418 eV Auger peak height ratio was used as a relative
measure of the TiN stoichiometry.

Table I
It is apparent from Table I that the

stoichiometry of all films is the same LPCVD TINt IL COMPOSMON
regardless of deposition temperature.
The RBS measurements revealed that cwo-oNiEwPT ., rci '-nh" JAM W"I "

the N:Ti ratio is 1.1 (+0.05) for all the
films examined, which is in good 2 ?In

agreement with the AES data. Thus no
substantial variation in the .M 1.10

stoichiometry of the films was found. M z

Film growth rate

In the present single wafer RTCVD reactor, higher deposition rates were
achieved compared to deposition rates of 30 - 65 A/min obtained in a hot-wall
system reported earlier [2]. At lower temperature (400 OC), the deposition rate is
80 A/min. It rises to = 420 A/min in the higher temperature range.

OEPOSnVN TEMPERATURE (•C)

700 450 550 400Film growth kinetics 0000 E5 4Ct

The typical LPCVD TiN growth rate .4
for the single wafer RTCVD system is 10

shown in Figure 3. As shown the TiN
deposition rate is a strong function of
deposition temperature. This implies 0
that the kinetics of TiN deposition
process is primarily controlled by the 18 .. . 1...

surface temperature. 1.0. ,, 1 .2 (K).4 14
FigOTEMPERATURE 3K")

Figure 3
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Figure 4 shows the excellent
conformality of a TiN film in a 0.6 gm
contact, a feature normally attributed to
surface controlled reactions. From the
slope of the Arrhenius plot (log of
deposition rate versus reciprocal

; •temperature) in Figure 3, an activation
energy of 35 + I kj/mol was determined.
Srinivas et al have reported an activation
energy of 40 kJ/mol for TiN deposition
from TiCI4 and NH3, which is in close
agreement with our results 13]. The
reported value of the activation energy for
TiN deposition from TiCI4, NH3 and H2
source was 61 kJ/mol 15].

Figure 4

Film resistivity

The measured resistivity of TiN
films as a function of deposition LPCVD TiN on SI(100)
temperature is displayed in Figure 5. _00

With increasing deposition
temperature, a decreasing resistivity was
measured. A similar relation was 400
observed for the CI content of TiN films, Y
TiN film resistivity on the order of 85 300
tiQ-cm is obtained for a 670 oC
deposition process as a result of _
optimized annealing (filled square). In 2

our previous study, a value of 47 g!Q-cm ro
was obtained for the LPCVD TiN x 100

deposited at 750 oC using a quartz hot
wall reactor [2]. Yokoyama et al 0
reported LPCVD TiN resistivity value of 0 m 0 6 7 '00300 400 500 600 700 800
80 IiO-cm for 700 oC deposition process DEPOSrON TEMPERATURE (-C)
in good agreement with the value
reported here [8].

Figure 5
Film structural properties

Thin film XRD patterns of TiN films formed at 400 °C and 700 oC are shown
in Figure 6A and 6B, respectively. Crystalline a -TiN phase (NaCl type, fcc) was
observed regardless of deposition temperature.
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The XRD results also revealed that
these polycrystalline TiN films exhibit
<100> preferred orientation. The 1

variation in average grain size asar
determined from the half-width value
of <200> X-ray line, and using plan view
TEM images is shown in Figure 7.

LPCVD TIN on( S100) Figure 6
40

An increase of about 50% in the

-'0/ X.- -- TA average grain size was observed in the TiN
T--M•DATA film deposited at 700 oC. An increase in

the lattice parameter with increasing
temperature was observed. The value for

U the TiN film deposited at 700 oC was about
,. ......... 0.9% smaller that of bulk TiN (4.24 A).

S400 m no To a This is presumably due to stress in the film
aiPONTmON 1EUPERAtTORE (C) 1.

Figure 7

Film surface roughness

Figure 8 is a cross-sectional TEM of the TiN film deposited at 700 OC showing
strong columnar growth.

-. It nfl

Figure 8

The structure of the columns is fcc-like titanium nitride with predominantly
<100> texture. The TiN surface roughness is on the order of 15 - 20 nm for the
film deposited at 700 oC, while the film deposited at 400 oC has much smoother
surface. Thus, increasing the deposition temperature produces larger TiN grains
and rougher surface morphology.
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CONCLUSIONS

Stoichiometric TiN films were deposited using an RTCVD, single-wafer
reactor system. Composition was uniform in the TiN film. Depending on
deposition temperature, varying amounts of chlorine and oxygen impurities are
found in the TiN films. The TiN deposition process is surface reaction controlled
with an activation energy energy of 35 kJ/mol. Excellent TiN film conformality
was observed. The electrical resistivity of the TiN films was found to decrease
with increasing deposition temperature. While increasing the deposition
temperature increases the TiN film growth rate, it also produces larger TiN grains
and rougher surface morphology. The TiN films have crystalline Z -TiN phase
(NaCl type, fcc) with predominantly <100> orientation.
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ADVANCES IN MODELING OF THE CHEMICAL VAPOR INFILTRATION PROCESS

THOMAS L. STARR
Georgia Institute of Technology, Georgia Tech Research Institute, Atlanta, GA

ABSTRACT

The technology of chemical vapor infiltration (CVI) has progressed
dramatically over the past twenty-five years and stands now as the leading
process for fabrication of high temperature structures using ceramic matrix
composites. Modeling techniques also have advanced from extensions of
catalyst theory to full 3-D finite element code with provision for temperature
and pressure gradients. These modeling efforts offer insight into critical
factors in the CVI process, suggest opportunities for further advances in
process technology and provide a tool for integrating the design and
manufacture of advanced components.

Early modeling identified the competition between reaction and diffusion
in the CVI process and the resulting trade-off between densification rate and
uniformity. Modeling of forced flowlthermal gradient CVI showed how the
evolution of material transport properties provides a self-optimizing feature
to this process variation.

"What-if, exercises with CVI models point toward potential improvements
from tailoring of the precursor chemistry and development of special preform
architectures,

As a link between component design and manufacture, CVI modeling can
accelerate successful application of ceramic composites to advanced aerospace
and energy components.

INTRODUCTION

As with any advanced structural material, incorporation of ceramic
composites into mechanical systems seems frustratingly slow to materials
scientists. To the design engineer, however, several factors still limit such
applications. One of these is fabricability - the ability to reliably produce
a finished component at a reasonable cost. Chemical vapor infiltration (CVI)
offers considerable promise toward this end with fabrication of a number of
near-net-shape components and implementation of commercial-scale production
facilities in Europe and the U.S. Modeling has been a key element in
development of CVI processing to this point and will be even more important
in the future as CVI is used for fabrication of components of increasing size
and complexity.

BRIEF HISTORY OF CVI MODELING

There are two variations. of CVI in current practicel. as illustrated in
Figure 1. In isothermal CVI (ICVI) a gas mixture is introduced into a furnace
containing one or more fiber preforms. Reactant diffuses into the pore spaces
of the preform, reacting on the fiber surfaces to form the matrix material.
While this variation of the process requires relatively simple equipment and
can accommodate a number of large, complex shapes, it suffers from some
limitation on component thickness and requires very long processing times,
i.e. several hundred hours. In forced flow/thermal gradient CVI (FCVI) the
reactant gas mixture is forced to flow through the preform and an applied
temperature gradient controls the progress of densification in order to avoid
premature pore closure near the gas inlet. While equipment for temperature
and gas control is more complex, FCVI is effective for thick components and
offers an order of magnitude improvement in processing time.

Mat. Res. Soc. Symp. Proc. Vol. 250. 1•92 Materlals Research Sociely
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ISOTHERMAL FORCED FLOWTHERMAL GRADIENT
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SYSTEM

FIAROUSA'A
PREFORM

DIFFUStOR OF
EFFLUENTS
OUT OF FREFORM

REACTANT

Figure 1. Two variations of the CVI process are in current practice.

The earliest reference to CVI is Bickerdike
2 

in 1962 with application
of the isothermal process to densification of porous carbon. This early work
recognized the importance of modeling and adapted catalyst theory3 

to better
understand the balance between deposition rate and diffusion that controls the
infiltration process. In the early 1970's Fitzer's group at Karlsruhe began
extended investigation of SiC CVI for densification of fiber reinforced
composites4. This work again adapted existing catalyst models to understand
the effect of process conditions on infiltration efficiency. While this work
was successful in predicting initial infiltration behavior, there was no
attempt to follow the process of densification. Also in the 1970's Naslain's
group in Bordeaux started their development of ICVI. Their model 5 

included
the effect of pore closure and attempted to predict densification time for
particular process conditions and pore geometry. Although process development
continued through commercialization at Societe Europeenne de Propulsion (SEP)
and duPont, modeling efforts lay relatively dormant until the late 1980's.

Like the isothermal process, FCVI was demonstrated in the early 1960's6.
However, development of the process for ceramic composites did not begin in
earnest until the work by Lackey at Oak Ridge National Laboratory in 19847 and
no model for this process was published until 19878. Development of the
process has continued, though with on'y limited commercial implementation, and
modeling efforts have expanded considerably over the past several years.

PROGRESS IN CVI FUNDAMENTALS

A mass balance equation lies at the heart of all CVI models. This
equation, based on fundamental conservation of matter, has the form:

MCudC •()
,9 U-j -R.

dK
2

d
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where C is the concentration of a chemical species, D is its diffusion
coefficient, U is the gas velocity in the X direction, R is the molar
deposition rate per unit of solid surface area and S is the solid surface area
per unit volume. The two terms on the left hand side of this equation
represent the net diffusive and convective flux of the species into a volume
and the term on the right hand side represents the production or depletion of
this species through reaction within that volume. In order to evaluate this
equation, additional 'balance' equations for energy and momentum may be
necessary to model temperature and flow. Progress in CVI fundamentals is
gauged by how well the mathematical expressions used in. solution of these
balance equations represent the physical reality of the CVI process.

The source term on the right hand side of eq. (1) is fundamental to all
variations of CVI and it value corresponds to the local densification rate for
the composite. It is important to note that the rate, R, and the surface
area, S, are equally important in determining the magnitude of this term. In
general, the rate term depends on temperature, pressure and gas composition.
Most CVI models assume that this rate is first-order in a single reactant
species and exponential in temperature. In one case, a two ster reaction path
has been considered where the initial reactant reacts in the gas phase to
produce an intermediate chemical species that then reacts on pore surfaces to
form the matrix material9. More recently, for deposition of SiC from
methyltrichlorosilane (MTS), the concentration of reaction product, HCl in
this case, has been included as an inhibitor in the deposition rate
expression'0.

The surface area term in eq. (1) depends on the microstructure of the
fiber preform and its development during densification. Several expressions
for tiis term have been developed for short, randomly oriented fibers or for
continuous, parallel fibers". These depend on the fiber diameter and
initial packing density in the preform, and differ principally in how quickly
the surface area falls toward zero as the density increases. Unfortunately
the most useful types of fiber preform, cloth lay-up or 3-D weave, correspond
to neither of these ideal cases. For hoth of these a significant fraction of
the porosity is associated with relatively large, low surface area regions
between fiber tows (bundles) or between cloth layers.

Our work with one particular cloth lay-up preform suggests a
microstructure model with approximately 70Z of the volume in 'tow' regions
with tightly packed, parallel fibers, 252 in "channel" regions between cloth
layers and 5Z in "hole' regions running through the cloth layers. This leads
to a surface area function as shown in Figure 2. The surface area, initially
very high, drops to a much lower value as the porosity associated with the
"tow' region fills. (Some residual, closed porosity remains but does not
contribute to the available surface area.) Additional densification occurs
by filling in the "channel" and "hole" regions. Even with a constant
deposition rate the densification rate is much lower at this point. This
characteristic of decreasing densification rate as density increases is very
important as this tends to produce uniform density throughout a component.

In the absence of pressure driven flow, the left hand side of eq. 1
reduces to the first term, reactant transport via diffusion. In this case the
CV1 problem is identical to the problem of reaction and transport in porous
catalysts, and existing models were easily adapted to CVI. Given the proper
reaction rate and surface area expressions, only the value of the diffusion
coefficient is needed to calculate the densification rate as a function of
position within the preform. In early modeling efforts the "effective*
diffusion coefficient was estimated from the gas phase diffusion coefficient,
the fraction porosity and a tortuosity factor. However, with small pores and
at reduced pressure - typical conditions for CVI - Knudsen flow is a more
appropriate description of reactant transport, and this has been included in
recent models. Unfortunately, it is very difficult to test these transport

I ll ]i ••
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Figure 2. Surface area of cloth lay-up preform decreases as density
increases.

models with experimental measurements and no successfully effort has been
reported. Recent Monte Carlo computer simulations of transport within fiber
structures do offer a somewhat independent test of the diffusion models and
generally support their validity1

2
.

For force. flow CVI the second term in eq. (I), convective flow,
dominates mass transport. For a given pressure differential the flow velocity
depends on the gas viscosity and on the permeability of the preform. The gas
viscosity can be estimated from its composition using standard methods.
Permeability of porous material' is the subject of a large body of work and
much of this can be applied to C1T modeling. In particular, the Kozeny
equation

K= -(2)

relates the gas permeability, K, to the surface area. S, and porosity, (0-
d)1

3
. The constant. c, is a geometric factor that depends on pore shape and

orientation. Since we already have found values for S as a function of
density, it would seem that permeahility may be estimated easily.
Unfortunately, for preforms of greaL-Er interest, cloth lay-up and 3-D weave,
the porosity is distributed over two very distinct size ranges and the Kozeny
equation cannot be used for the preform as a whole. For a cloth lay-up
preform, in psrticular, most of the flow passes through the "<hannls" and
"holes' between the cloth layers. The resulting bulk permeabi-ity is
anisotrooic but can be estimated using Poiseuille's formula, :hannel
dimensions and a semi-empirical ratio of parallel and series flow"4.
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For forced flow/thermal gradient CVI (FCVI), a thermal model is needed
to derive the local temperature within the ireform for a given set of boundary
conditions. Conduction is the dominant p1ýde of heat transport in typical
experimental configurations although gas convection can be a significant
factor

15
. Published thermal conductivity data for CVI SiC/NicalonTm composite

over a range of densities are available16. Data for other CVI materials are
lacking, as are methods for estimating thermal conductivity from
microstructure information for these complex, multiphase composites.

MODELING FOR PROCESS OPTIMIZATION AND CONTROL

The fundamentals of CVI modeling can be combined with advanced numerical
modeling techniques to produce a computer simulation of the CVI process!.
With this approach CVI modeling can be used as a tool for process optimization
in much the same way as finite element modeling is used for mechanical
optimization of a structural component.

Early work with the isothermal CVI process utilized a simple reaction
and diffusion model to obtain 'in-depth" infiltration conditions for preforms
with a given pore size' 8

. In this case, infiltration uniformity improves for
conditions that produce a lower deposition rate. i.e. low temperature and
pressure. "Optimum* conditions are simply a trade-oft between uniformity of
infiltration and total processing time.

For forced flow/thermal gradient CVI the number of process parameters
is large (orientation and magnitude of applied temperature gradient, flow
rates for at least two gases, location of gas inlet and outlet, etc.) and
effective densification of a particular component preform may depend
critically on choosing the proper set of process conditions. An ongoing
collaborative effort between the Oak Ridge National Laboratory and the Georgia
Insti-ute of Technology has produced quantitative validation of a *finite
"olume' process model that predicts local temperatur,!, pressure, reactant

concentration and density as a function of time ,vet the infIltration
process 1 9

. This model can be used to select optimum process conditions for
large, complex shapes, avoiding a great deal of *cut and try" experimental
effort. This has been shown for a hypothetical rotor component (Figure 3)
where thick and thin sections densify at different rates

20

Beyond process optimization, CVI modeling can aid process monitoring and
control. For the component described above, the CVI model predicts
temperature rise as a function of time at various points (Figure 4).
Continuous measurement of these temperatures provides i monitor of the process
and can localize problems that may occur during a run due to preform flaws or
variation of process parameters. Such a model also may suggest modifications
to the process to recover from such deviations, i.e. ">eed-forward" process
control.

FUTURE DIRECTIONS

The explosion of interes. and activity in CVI modeling over the past
five years has produced a good understanding of the factors needed for
modeling of the process and a number of sophisticated numerical models.
Additional efforts are needed to provide (i.e., measure) quantitative values
for the transport and reaction rate parameters involved and, using these.
validate the models by direct comparison with experimental densification.
Better understanding of the relation between fiber architecture and transport
properties is critical since preforms of practical interest will certainly
involve a variety of lay-up and weave patterns.



212

now

/ , -~--------

2t2 v

TEMPtTR (C)

5 DENSITY

£I

oI

2!

44

0 . . .. . .,,

05 4O 45

RADIAL POSITION (CM)

Fieure 3. Model simulates infiltration of rotor with thick and thin
sections. Cross-sectional views show flow pattern, temperature profile and
density variation after partial infiltration2

".



I

213

No2

640

600

The3

0 a 12 1

Figure 4. Model predicts rise in local temperatures as infiltration

proceeds, offering a method for real-time monitoring of the process°
0 .

ACKNOWLEDGEMENT

This work has been supported by the U. S. Department of Energy. Fossil

Energy Advanced Research and Technology Development Materials Program under

Martin Marietta Energy Systems subcontract No. 19X-55901C; and by the U. S.

Air Force Wright Laboratory Materials Directorate under Martin Marietta Energy

Systems subcontract No.19X-SD324C.

REFERENCES

1. W. J. Lackey and T. L. Starr, in Fiber Reinforced Ceramic Composites;

Materials. Processins and Technology, edited by K. S. Mazdiyasni (Noyes

Publications, Park Ridge, NJ, 1990), p. 397-450; T. M. Besmann, B. W. Sheldon,

R. A. Lowden and D. P. Stinton, Science 253, 1104 (1991).

2. R.L. Bickerdike, A.R.G. Brown. G. Hughes and H. Ranson. in Proceedings of the

fifth conference on carbon, (Pergamon press, New York, 1962),pp. 575-582

3. G. Damkohler, Chem. Ing. 3,430 (1937); E.W. Thiele. Ind. Eng. Chem. 31. 91

(1939).

4. E. Fitzer, D. Hegen and H. Strohmeier, in Proceedings of the Sgven

International Conference on Chemical Vapor Deposition, edited by T. 0. Sedgwick

and J. Lydtin, (Electrochemical Society, Incorporated, Pennington, NJ, 1990) pp.

506-512.



214

5. J.Y. Rossignal, F. Langlais and R. Naslain, in Proceedings of the Ninth
International Conference on Chemical Vapor Deposition, edited by McD. Robinson,
C.H.J. van den Breckel. G.W. Cullen. J.M.J. Blocher and P. Rai-Choudhu.y (The
Electrochemical Society, Incorporated, Pennington. NJ, 1984). pp. 596-614

6. William C. Jenkin, U. S. Patent No. 3 160 517 (8 December 1964).

7. A. J. Caputo and W. J. Lackey, Ceram. Eng. Sci. Pro. 5, 654-667 (1984).

8. T.L. Starr, in Proceedings of the Tenth Inter7.ational Conference on Chemical
Vapor Deposition, edited by GW. Cullen (The Electrochemical Society,
Incorporated, Pennington, NJ. 1987),pp. 1147-1155

9. S. Middleman, J. Mater. Res. 4, 1515-1524 (1989).

10. T. M. Besmann. B. W. Sheldon, T. S. Moss and M. D. Kaster, J. Amer. Ceram.
Soc., in press.

11. T.L. Starr, Ceram. Eng. Sci. Proc. 8. 951-957 (1987); R.P. Currier. J. Am.
Ceram. Soc. 73, 2274-2280 (1990).

12. M. M. Tomadakis and S. V. Sotirchos, AiChE J. 37, 1175-1186 (1991).

13. J. Kozeny. Wasserkraft Wasserwirtsch 22, 67 (1927).

14. T. L. Starr and A. W. Smith. in preparation.

15. T. L. Starr and D. P. Stinton, in Proceedings of the American Society of
Composites. Fifth Technical Conference, edited by L. T. Drzal (Technomic
Publishing, Lancaster, PA, 1990) pp. 765-773.

16. H. Tawil, L. D. Bentsen, S. Baskaran and D. P. Hasselman, J. Mat. Sci. 20,
3201-3212 (1985).

17. T. L. Starr and A. W. Smith, in Chemical Vapor Deposition of Refrastorv
Metals and Ceramics, edited by T. M. Besmann and B. M. Gallois (Mat. Res. Soc.
Sym. Proc. 168, Pittsburgh, PA 1990) pp. 55-60; R.R. Melkote and K.F. Jensen,
ibid., pp.506-512; S.M. Gupte and J.A. Tsamopoulos, 3. Electrochem. Soc. 137,
3675-3682 (1990); G. Chung and B.3- McCoy, J. Am. Ceram. Soc. 74, 746-751 (1991).

18. E. Fitzer, W. Fritz and R, Gadow, in Advances in Ceramics. edited by S.
Somiya (KTK Scientific, Tokyo, 1983).

19. T. M. Besmann, T. S. Moss and J. C. McLaughlin, presented at the 16th Annual
Conference on Composites and Advanced Ceramics, Cocoa Beach, FL. 1992
(unpublished); T. L. Starr and A. W. Smith, ibid.

20. T. L. Starr, A. W. Smith and G. F. Vinyard, Ceram. Eng. Sci. Proc. 12. 2017
(1991).



215

X-RAY TOMOGRAPHIC MICROSCOPY OF NICALON PREFORMS AND CHEMICAL VAPOR
INFILTRATED NICALON/SILICON CARBIDE COMPOSITES

M.D. BUTTS', S.R. STOCK', J.H. KINNEY
2

, T.L. STARR'. MHC. NICHOLS3,
C.A. LUNDGREN*, T.M. BREUNICI and A. GUVENILIR'

'Georgia Institute of Technology, Atlanta CA 30332
zLawrence Livermore National Laboratory, Livermore CA 94550
3
Sandia National Laboratories, Livermore CA 94550

4
E.I. DuPont de Nemours, Wilmington DE 19880

ABSTRACT

Following the evolvinZ microstructure of composites through all stages
of chemical vapor infilt.ation (CVI) Is a key to Improved understanding and A

control of the process. X-ray Tomographic Microscopy (XTM), i.e., very high
resolution cnmputed tomography, allows the microstructure of macroscopic

volumes of a composite to be imaged nondestructively with resolution
app-oaching one micrometer. Results obtained with XTM on dense SiC/SiC
composites and on woven SiC fiber preforms illustrate how details of the
densification process can be followed using this technique during interruptions
in processing. Ways in which the three-dimensional microstructural information
may be used to improve modeling are also indicated.

INTRODUCTION

Improved control of CVI and decreased densification times are important
to achieving widespread use of ceramic composite components fabricated with
this process [1]. The assurance that near-critical-sized flaws or that damage-
intolerant microstructures have not been incorporated are vital to component
designers. More economical production of components, achieved by shortened
processing times, will widen the range of feasible applications for ceramic
composites.

There are three levels in the hierarchy of porosity which remain after
CVI densification of woven preforms: intra-tow microporosity and two types of
inter-tow porosity (holes in the weave of the preform and channels between the
preform layers) 1i1. The channels distribute the gas mixture and play the key
role in determining how far and how rapidl the composite densifies. The space
between fibers in a tow is quickly eliminated, isolating micropores; and the
holes, which are intri,'ic to the cloth, remain after the channels to the
surface close. Understanding the rate at which the channels narrow, the
influence of channel topology and topography and how these relate to the
concurrent composite density are important to refining physically-based models
of densification. This paper discusses how high resolution x-ray computed
tomography (i.e., XTM) can be used to examine the same volume of a
preform/composite multiple times during densification and outlines approachs
for quantifying the types, sizes and evolution of pores during CVI of
Nicalon/SiC composites.

EXPERIMENTS

The XTM used to study the Nicalon preform and Nicalon/SiC composites has
been described in detail elsewhere [2,31, and only the barest details are
repeated here. The apparatus is based on a two-dimensional, 1320 x I'
element charge-coupled device (CCD) coupled through a short depth-of-fiei.,
variable magnification optical lens system to a single crystal scintillator
screen of CdW0 4 . The sample is viewed with x-rays along a large number of

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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projection directions, and the radiographs are recombined via the filtered back
projection algorithm [4,5] into a stack of parallel, two-dimensional, cross-
sections (i.e., slices) which map the variation in x-ray attenuation within the
sample's interior.

Preforms of stacked, plain weave Nicalon cloth and Nicalon/SiC compos.it-s
densified using an isothermal CVI process have been examined with XTM. The
fiber tows in adjacent layers of cloth are aligned parallel (0' layup),
alternate between 0' and 45' orientations (0*/45' layup) or are aligned in the
sequence 0', 30' and 60* (00/30°/60° layup). The sample described below is cut
parallel to the cloth planes from a larger section of a densified, 0* layup
composite; its cross-sectional dimensions are approximately 0.8 mm x 1.0 mm.
Monochromatic synchrotron x-radiation (18 keV) from Beamline A-2 at CHESS
(Cornell High Energy Synchrotron Source) is used to image the sample. This
energy allows optimum contrast (pt - 1.5, where j is the linear attentuatlon
coefficient and t is the path length) along the longest x-ray path through the
sample. The angular increments between views is 0.50, projections are
collected over 180* and the isotropic pixels are 3.4 um in size in the 88
contiguous slices reconstructed for the sample described below.

RESULTS AND DISCUSSION

Figure 1 shows a typical XTM slice of a densified Nicalon/SiC composite.
The darker pixels represent the location of material with lower x-ray
attenuation. One well-defined channel, C, curves between tows on the right
side of the slice, and an enlarged image of it appears in Fig. lb. Five layers
of Nicalon cloth with fiber axes running vertically are labeled "N" in Fig. !;
the black bands within these tows are elongated micropores. The other layers
of the preform have fibers and tows approximately perpendicular to the slice
which produces the mottled contrast elsewhere in the composite. This contrast.
which is difficult to discern in monochromatic images, arises primarily from
differences in attenuation between Nicalon and deposited SiC. Some pixels in
these tows are partially occupied by pores as well as Nicalon or SiC.

The calculated attenuation coefficients for Nicalon and SiC are 9.0 and
14.2 cm"i, respectively, based on tabulated densities [61, compositions (71 and

N N C

250 pm

a. h.

Figure 1. a) XTM slice through a densified Nicalon/SiC composite. A well-
defined channel and cloth layers with fiber axes running vertically are
labeled C and N, respectively. b) Enlargement of part of the channel.
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mass absorption coefficients [8]. A histogram of linear attenuation
coefficients fkom . typical .'olume ,f the composite is shown in Fig. 2. The
box in the adjacent slice defines which part of Fig. I is used to produce the
histogram. The continuum of absorption coefficients seen in the histogram is
the result of voxels being partially occupied by the different constituents of
the composite: Nicalon, SiC and empty space.

Three-dimensional surface renderings are very helpful in visualizing the
spatial distribution of porosity. The surface rendering shown in Fig. 3
depicts, from a given viewing position, the surface encompassing all low
absorption pixels within a subset of the total volume imaged. Figure 3b shows
where the volume intersects the slice shown in Fig. 1, and the surface includes
all pixels with values equal to or lower than 25% of the maximum value
encountered in the sample (there are 256 gray levels used in the images). Long
rods (extended, isolated micropores running parallel to fibers within the tows)
are prominent within the image (indicated by "R"). Broad, shallow sheets
(labeled "C") show the position of channels between tows.

Figure 2. Histogram of
linear attenuation
coefficients in the
slice shown in Fig. 1.
The calculated values
for Nicalon and SiC are
indicated by letters N;
and S, respectively

a. b.

Figure 3. a) Surface rendering showing only those pixels with gray levels
below 25 % of the 256 levels of contrast in the pictured above. The
position of the volume is shown in b)- Extended micropores within tows
are labeled R, and channels between tows are labeled C.
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The width of the channels is a key variable to quantify in studies

relating evolving microstructure to densification during CVI. The digital,
volumetric data from XTM is ideal for obtaining this information. First, a
volume containing the channel of interest is selected. The channel width is
measured across each row (i.e., horizontally across the slice shown in Fig. I)
of the slice, and the measurement is repeated for all slices in the volume.
A simple algorithm is used to determine channel width autwmatically: the
program counts the number of consecutive pixels in a row which fall below a
defined critical value of the absorption coefficient. The algorithm needs to
be robust, in order to avoid unintentionally measuring the widths of micropores
which may be included in the volume containing the channel. The simple program
first looks in each row for three or more adjacent pixels which fall below the
critical level. If these are found, the first pixel is marked as the edge of
the channel. Next, the program searches for three pixels in that row which are
above the critical level; the first of these is marked as the end of the
channel. If the resulting channel width is zero, the same procedure is
followed in a search for two adjacent pixels below and then above the critical
absorption value.

Figure 4 shows channel widths in the area in Fig. lb. The critical
absorption coefficient value used is 5 cm-1 which is much lower than the values
for Nicalon and SiC. The variation in channel width is quite pronounced as is
the physical irregularity of the channel walls. Apparently, the rough walls
result from SiC deposited on fibers snaking from the main body of the tows.
Figure 5 shows the variation of channel width within the volume sampled.
Variability is similar to that in Fig. 4.

Figure 4. Variation of
channel width in the area
shown in Fig. lb. The width
is measured along the rows of
the image, approximately
perpendicular to the channel
walls.

Figure 5. Variation of
channel width (vertical axis)
for the rows in each slice
(horizontal axis) and for all
slices (angled axis), i.e.,
throughout the volume
indicated in Fig lb. All
axes are in units of pixels.
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This approach should be very valuable in future XTh characterization of
samples' progression to complete densificationý the change in channel width
after each increment of infiltration can be measured precisely and rapidly for
the large number of channels in a sample. Availability of channel width data,
of changes in channel width during each infiltration step and of channels'
proximity to holes as a function of position in the sample allow three-
dimensional visualization of the network of pores and holes within the
composite. For example, plotting surfaces representing the centers of channels
and using a range of colors to indicate local channel width is one promising
strategy for analyzing the large amount of data generated by XTM. Better
estimates of permeability and local deposition rates will result and should
lead to a new generation of numerical models for CVI and perhaps to design
rules for optimum composite preform architecture.

CONCLUSIONS

An approach for improving modeling of CVI of composites is based on data
collected nondestructively from sample interiors using XTM. Results from a
densifled Nicalon/SiC ceramic matrix composite are used to indicate how channel
widths and microporosity can be studied. Of particular interest is the
possibility of examining the same volume of material after each stage of
infiltration. Obtaining such XTM data should lead to better understanding of
the CVI process and allow improved modeling.
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ABSTRACT

We present effective diffusion coefficients of gases in porous media whose structure
can be represented as an assemblage of cylindrical fibers, such as the media used as sub-
strates in chemical vapor infiltration. Structures consisting of non-, partially, or freely
overlapping fibers of various orientation distributions are considered, and effective diffu-
sion coefficients are computed by means of a Monte Carlo simulation scheme. In order to
be able to examine the interrelation of ordinary, transition, and Knudsen diffusivities and
tortuosities, computations are carried out over the whole diffusion regime, i.e., from' ulk to
Knudsen. Our simulation results are compared with variational bounds and experimental
values of tortuosity of fibrous beds reported by other investigators,

INTRODUCTION

Knowledge of the mass transport characteristics of fibrous structures used as preforms
in chemical vapor infiltration (CVI) helps us better understand the mechanism of the
CVI process. This in turn enables us to identify operating conditions and procedures for
improving the process, both in its conventional isothermal, diffusion-driven form [I1 and
modified, temperature-pressure gradient (ORNL process [2]) and pulse-CVI [3.4) versions.
However, only a few diffusivity measurements for dilute beds in the slip 5] and the ordinary
diffusion regime t6,71 are available in the literature, with the Knudsen and transition
regimes left totally unexplored. Moreover, theoretical work in this area has primarily been
focused on the derivation of bounds using variational principles or other methods [S-11)

Simulation results for the variation of the effective diffusion coefficient of random
fiber structures with the porosity in the whole diffusion regime, from bulk to Knudsen.
are presented in this work. Effective diffusivities are computed by using a Monte Carlo
simulation scheme to compute the mean square displacement of test molecules travelling
in the pore space [12). We consider fiber structures formed by randomly overlapping
cylindrical fibers distributed randomly in d (d = 1, 2, or 3) directions (d-directional,
random fiber structures), that is, with their axes parallel to a line (d = 1), parallel to a
plane (d = 2), or oriented randomly in the three dimensional space (d = 3), and structures
with fibers grouped into d (d = 1, 2, or 3) bundles of parallel, randomly overlapping fibers.
with the bundles arranged in nmutually perpendicular directions (d-directional, parallel
fiber structures). Since the fibers in an actual preform do not overlap with each other.
structures of freely overlapping fibers can be used as models of actual preforms only for
relatively high porosities. However, the initial porosity of the fibrous structures that
are used as preforrns in composite fabrication by chemical vapor infiltration vaiies mi
the relatively broad range 0.4-0.85 [13,14]. For this reason, we also preseit results for
structures consisting of unidirectional nonoverlapping or partially overlapping fibers. the
latter representing the evolving states of a preform of parallel fibers as it is being densified
by chemical vapor infiltration,

CONSTRUCTION OF FIBROUS STRUCTURES AND COMPUTATION
OF EFFECTIVE DIFFUSIVITIES AND TORTUOSITY FACTORS

The construction of finite samples of porous structures consisting of unidirectional,
nionoverlapping fibers of uniform size is accomplished by means of a scheme basedi on the
Metropolis Monte Carlo method [15]. The fibers are initially positioned in a cubic unit cell
at the sites of a regular triangular lattice. Random structures of nonoverlapping fibers are
obtained through a large nmnber of random sequential moves of the fibers from their initial
positions, Partially overlapping fiber structures are produced from the nonoverlapping ones
by increasing the fiber size by a certain amount. A partially overlapping fiber structure

Mat. Res. Soc. Symp. Proc. Vol. 250. ' 1992 Materials Research Society
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resulting from a nonoverlapping one after the fibers of the latter are let to grow by 25/1 is
shown in Fig. 1. For a structure undergoing densification by chemical vapor infiltration,
the rings added around the fibers of the original nonoverlapping fiber structure, displayed
using solid black pattern, correspond to tile material deposited within the preform during
the process. The structure shown in Fig. 1 resembles, in almost every important detail.
photomicrographs of partially densified fiber-reinforced composites [16,171.

mU

Figure 1. Cross section of a partially Figure 2. Section of a randomly overlap-
overlapping unidirectional fiber structure ping tridirectional fiber structure of 507X
of 21A porosity. i-o = 45%. porosity.

A porous structure consisting of mutually perpendicular bundles of parallel, ran-
dlomly overlapping fibers is constructed by generating a random distribution of points
on a face of the cubic finite sample, treating the points as the traces of the axes of the
fibers that are perpendicular to the face, and repeating for all d bundles, on d mutually
perpendicular faces of the cell. Structures of randomly oriented fibers are constructe(d by
distributing randomly in 2 or 3 directions the axes of the fibers, according to the mean free
path-randomness (It-randomness) mechanism [18]. The section of a 50%-porosity structure
of fibers oriented randomly in three directions is shown in Fig. 2. For fibers of 1 pira in
radius, Fig. 2 depicts a 20 pro x 20 jpm section of the fiber structure.

Effective diffusivities are computed using the mean square displacement. < 2 >, of
molecules travelling in the void space of the porous medium for adequately large travel
times r, using the fornulas [121

D, = _V6r Dej = < (li.b)

"6 27

where D, stands for the orientationally averaged effective diffusivity, and D,3 for the difful-
sivity in direction j. The computation of the mean square displacement is accomplished by
following the trajectories of a large number of molecules, introduced randomly and travel-
ling independently in the unit cell. The procedure used for computing the trajectories of
molecules undergoing diffusion in i porous, capilary or fibrous, structure is (described in
detail in other publications [19-22].

The effective diffusivity results may be used to estimate a tortuosity factor for the
porous medium, u1, using the equations

D,1 1 1S=•I; ~ j= Dm~ D - •+Dt (,,.)
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The reference diffusivity, D, is the self-diffusion coefficient of the diffusing species in a
cylindrical pore of radius equal to the average pore radius of the fibrous structure under
the same conditions of pressure and temperature (i.e., same mean free path, X, and mean
thermal speed, fi, for the gas molecules). It is computed using the reciprocal additivity
approximation (Bosanquet formula) for transition regime diffusion in a cylindrical tube
[231, according to which (see eq. (2c)) the transition regime diffusivity is approximated
closely by the harmonic mean of the continuum self-diffusion coefficient, D6, and Knudsen
diffusion coefficient, D"ý.

RESULTS AND DISCUSSION

Effects of Fiber Overlapping on Diffusivities

Computer simulation results for Knudsen tortuosities corresponding to diffusion in
non-, partially, or freely overlapping unidirectional, unimodal fiber structures are shown
in Fig. 3. The tortuosities in directions perpendicular to the fibers are seen to be lower for
structures consisting of nonoverlapping fibers than for structures of freely overlapping fibers
of the same porosity. As the porosity increases, however, the extent of fiber overlapping
in freely overlapping (fully penetrable) fibers decreases, and thus, the tortuosities for the
two cases get closer to each other and eventually coincide as the porosity approaches
unity. In the vicinity of 100% porosity, the tortuosity factors for both cases approach the
lower bound (77 = 1.747) for diffusion perpendicularly to fully overlapping fibers 110]. The
tortuosity factor in directions perpendicular to the fibers becomes infinite (i.e., the effective
diffusivity becomes zero) at 0.0931 porosity (the porosity of a triangular array of closely
packed solid cylinders) for structures of nonoverlapping fibers, while for freely overlapping
fibers it approaches infinity at a much higher porosity ('- 0,33). The tortuosity factor for
diffusion parallel to the fibers depends weakly on porosity and extent of fiber overlapping.
having an average value of 0.549.

Fig. 3 also presents tortuosity results for partially overlapping structures for three
values of initial (hard-core) porosity, e0. If the partially overlapping fiber structures of the
figure had been obtained through a densification process, eo would correspond to the initial
porosity of the fibrous preform. Thus, notice that the curves for the partially overlapping
structures start on the corresponding curve for nonoverlapping fibers at the hard core
porosity. The results of Fig. 3 reveal that partially overlapping fiber structures exhibit
behavior intermediate to those of the two extreme cases. As the starting porosity (Eo)
increases, the tortuosity vs. porosity curve moves closer to that for freely overlapping
fibers. The percolation threshold of a partially overlapping fiber structure lies between the
values for non- and freely overlapping fibers, that is, in the range [0.0931, 0.331. It should
be pointed out that the solid curves shown in this figure, as well as in all other figures,
were obtained through cubic spline approximation to the simulation data, using software
provided with the graphics package employed. The dashed curves give the predictions of
a correlation that we will discuss later.

Effect of Fiber Orientation and Knudsen Number on Mass Transport

Tortuosity vs. porosity results on Knudsen diffusion in randomly overlapping fibrous
structures of various directionalities are presented in Fig. 4. The results shown indicate
that the percolation thresholds of 2-d and 3-d fibrous structures are much lower than that of
a structure of unidirectional fibers, decreasing in the direction of increasing directionality.
Specifically, 3-d structures percolate at about 4% porosity, while the percolation threshold
of 2-d structures is around e=0.I1. Since the percolation threshold determines the lowest
porosity that can be achieved during densification, the above observation suggests that
higher dtensities can be achieved when 3-d structures are used as preforms in ('hemoical vapor
infiltration instead of cloth layups. Blecause off the anisotropy of 2-d structures, the effective
diffusivities in directions parallel and perpendicular to the fiber mat are different. but their
difference is much synaller than the difference between the diffusivities in directions parallel
and perpendicular to the fibers of a unidirectional strueture.

Tortuosity factors in the three regimes of diffusion are plotted in Fig. 5 as func-
tions of porosity for diffusion perpendicularly to the fibers of 2-d random fiber structures.
The values of the bulk tortuosity factor, rib, were obtained for No = 0.02, while those
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of the Knudsen tortuosity factor, 77K, for Kn =100. The Knudsen number, Eri, is
defined as Kn = A/d_ with di being the mean intercept length of the porous medium

C4 x porosity / surface area). Values of the transition regim tortuosity are given for
it_ =r 1, that is, for the case where the mean free path of tiheemolecules and the mean
distance between successive molecule-wall collisions are equal. Simulations for 9 different
realizations of the fibrous structure were carried out at each porosity to get the results
shown in Fig. 5.

Knudsen Diffusion Knudsen Diffusion
100 i~~n 1Dl-.FbrousaStructures10-
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osity for diffusion perpendicularly to the fibers of a cellulosic filter of 65% porosity. Pen-
man [71 measured the bulk tortuosity for a similar configuration of flow in steel wool of

= 0.93.
Fig. 6 presents tortuosity vs. porosity curves for bulk diffusion through fibrous beds

of various directionalities. Several observations can be made by comparing tile results
of Fig. 6 with the analogous results presented in Fig. 4 for Knudsen diffusion. The
tortuosities for bulk diffusion are lower than the corresponding values for Knudsen diffusion
for all fiber structures and diffusion diter ions, except for flow parallel to the fibers of
unidirectional fiber structures. The d;fferences among diffusivities in different directions
for anisotropic structures (I-d and 2-d) are smaller for bulk diffusion. Finally, as the solid
fraction becomes zero, the bulk tortuosity approaches unity for all cases, while the Kmnidsen
diffusivity approaches a limit that in general depe: ds on the type of the fibrous structur,
and the direction of diffusion.

In applications, it is customary to compute the effective diffusion coefficient in the
transition regime from the Bosanquet formula (eq. (2c)) by using the effective values of
bulk and Knudsen diffusivities in the place of the single pore values, that is, by writing:

1 1 1

Using eq. (2c) and the definition of the tortuosity factor (eq. (2b)), eq. (3a ) leads to thefollowing relation between the transition, Knudsen, and bulk diffusion regime tortuosities:

1-, - 7' En (3h)r!I= 1 + E n

with subscript j denoting the direction of diffusion. Application of eq. (3b) to our simu-
lation data in the Knudsen and bulk diffusion regimes gave tortuosities that were almost
identical to those obtained by indep,..dent simulations in the transition regime for all
cases, with the exception of diffusion parallel to fibers of a uiuidirectional structure. In the
last case, eq. (3b) was found to underpredict the transition regime +ortuosity. by as much
as 20% in the vicinity of Kn = 1. To the best of our knowledge, this is the first time that
the validity of the reciprocal additivity correlation has been demonstrated for a class of
random porous media.

Tortuosity-Porosity Correlations

In order to render our simulation results readily usable by people working in ar-
eas involving diffusion in fibrous beds, such as the fabrication of ceramic composits by
chemical vapor infiltration, we searched for simple, one-parameter correlations that would
provide satisfactory approximations to the computed tortuositics, using the known struc-
tural properties of the fibrous structures. Various one-parameter correlations were tested,
and the one that appeared to work the best for all cases examined in this study was of the
form

= j(ca) (w C) (4)

with EP being the percolation threshold of the fiber structure in the direction of diffusion.
The predictions of eq. (4) are given by the dashed curves of Figs. 3-6.

In the case of partially overlapping unidirectional fiber structures, e0 denotes the
hard-core porosity of the fibers, i.e., tie porosity at the point where the tortucsity factor
curves for partially overlapping structures leave the curve for nonoverlapping fibers, and
ri(CO) the corresponding tortuosity factor. The dependence of e. on 6o was inivestigated in
detail in a previous study 121] anJ can be approximately followed using the data given in
Fig. 3. Parameter a was found to depend linearly on ep. Specifically. a = 2,28E,+0.35 with
99.93% correlation coefficient. The Knudsen tortuosity factor of nonoverlapping fibers was
correlated for E > 0.18 using the equation q = 1.747exp[1.4(1 - E)]. For lower porosities,
we used eq. (4) with CO = 0.18, Ep = 0.0931, and a = 0.72.

For diffusion in randomly overlapping fiber structures, el = 1 and u1 (eo) - n0,,,-

The values of a are listed in Table 1 along with the minimum values of Knudsen tortiiosity
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for each structure and direction of diffusion. For hulk diffusion, the nii iiinum value of
tortuosity is equal to 1 for all cases. It shoiuld bc rioted that the valuc.: of a of Table 1 for
bilk diffusion in a 3-(d structure or parallel to the fiber mat of a 2-d structure arc good for

> 0.4 only. For the low porosity region, bet t(r results arc obtainied using cq. (4) wit h
-o -0,4, a = 0.872 f( r the 2-d structure, and o = 0.965 for the 3-d sti octure. with 71,{ 0A4)

computed from eq. (4) and Table 1.

Table 1. Parameters used in eq. (4)

BULK
FIBROUS STRUCTURE KNUDSEN REGIME REGIME

AND DIRECTION E _p

OF DIFFUSIONAL FLOA 27i rn in a
parallel 0 0.549 0 0

perpendicular 0.33 1.747 1.099 0.707

2-D - parallel 0.1 1.149 0,954 0.521
perpendicular 1.780 1.005 0.785

3-D all directions 0.037 1 3/9 0.921 0.661
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BY A FORCED-FLOW CHEMICAL VAPOR INFILTR.\TION PROCESS

CHING-YI TSAI* and SESHU B. DESU**
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.\BST'•ACT

A model, incorporating both gas-phase and surface re.ac',"'s , I
thickness profile of SiC, deposited from trichloromethyls1lann JISýS atr:ng -o
longitudinal direction of a single pore is presented in this paper ThI.
mectianisms considered include both forced-flow and diffusion. With. the '
nature of this model, a finite elment model was developed to solve the 1 r
numerically. Simulation results were in good agreement with the repcerted
experimental data by Fedou et al. (1990). Effects oi critical parameters, sic"h a'
deposition temperature, ratio of sticking coefficients of TNIS and intermediate spe c'es
and forced-flow, on the deposition thickness profile were investigated. omit ,
effect was found to he small for the chemical vapor infiltration CXVI pro-cesses at hi2!'
deposition temperatures.

INTRODUCTION

Ceramic materials have long been c-rnsidered as the ideal maters
temperature applications because of their good stability, resistance to cn
high strength. However, the brittle nature of ceramics has precluded their :sc it
applications where significant levels of toughness are required

Primary goal of many ceramic materials researchers has been -t alt- the
r,...erties of ceramic materials through composition, design, and Ms. n il,'n

inirrize the effects due to the brittle nature and retain other 1pr,.
achieve this goal. researchers have developed the ceramvi mzatrix ccopnIp)stei ( Xl
which basicaily consists of a ceramic matrix reinforced with high performanc,, fii,.-

Recently, chemical vapor infiltration (CVI) processes have r a, I
considerable attention as a strong candidate for the fabrication of C(Cs XI eciuso of its,
versatility in creating all major families of ceramic matrices by a single, enmlun..
deposition step, low processing temperature feature, and geomutrv.pru'evi'i
properties The development of forced-flow CVI processes makes the CVI prmoces, s
more compatible because they ensure better uniformity of the deposit and reduce tii
processing time significantly [11.

Extensive work is being done in the area of CVI process modeling in an effort to
find an optimum relationship between the processing conditions and product pr ,pert.
2-113 Geometrical considerations of these models range from single--i)ore 2-:
wverlap pore [61, unit-cell configuration [7], to effective medium 18-9 . "v ,ncl

the porous medium as pore networks. Diffusion is assunied to he the main transpIrt
mechanism of the gas species [2-81 Depending on the CVI process to he M-'Idv1eI,
convective flow (forced-flow) was also used 19-10).

In general, chemical reactions involved in the CVI processes are quit(? -omplox
and can be broadly classified as gas-phase and surface reactions. Most CVI models
proposed so far considered only the heterogeneous surface reactions, with the exception
of two papers published recently by Middleman 1k] and Sheldon [11I, which also
considered the homogeneous gas-phase decomposition reactions Both these " .
, 113 assume that the forrmation of the intermediate species oii the surface sites c-ms
ontirely from the adsorption of the gas phase intermediate species. In another words,
the sticking coefficient of the precursors used was assumned to be zero Hlowever th e

Mat. Res. Soc. Symp. Proc. VoL 250. 1992 Materials Research Society
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intermediate species on the surface sites might also originate from the decomposition of
the adsorbed parent species.

Here we present a detailed kinetic model for the deposition of SiC from

trichloromethylsilane (TMS) along a single pore. Both homogeneous and
heterogeneous reactions were included in the deposition mechanism of SiC from TMS
precursor- Furthermore, allowance is also made for the possibility that both adsorbed
parent species and gas phase intermediate species led to the formation of intermediate
species on the surface sites, which are responsible for the SiC deposition.

The deposition thickness profile was obtained by solving the transport-reaction
equations, which included both forced-flow and diffusion transport mechanism.

Parameters, such as forced-flow, deposition temperature, ratio of the sticking
coefficients of TMS and intermediate species, were studied in order to understand their
influence upon the deposition thickness profile.

THEORY

(1) Deposition mechanism

Our kinetic model of the deposition of SiC from CH 3SiCl 3 (TMS) is based on the
assumption that the deposition rate is kinetically controlled. The gas phase
decomposition of TMS into certain intermediate species is also assumed. Schematic
diagram of the assumed kinetic model for the deposition of SiC from TNIS is shownr
t'ig.l. Shaded areas represent species on the surface sites, and plain rectangular
represent gas phase species.

Assume that the surface concentration of TMS (Otrs) and intermediate spec:&•
(0i,) are in steady state condition, then the following relationship could be obtained'

Oip= k 2Ci,+k 3C ,k.,ktms (1)

where Ctms and Cip are the gas phase concentration of TMS and intermediate species
respectively.

Thus the surface growth rate (rs) could be expressed as,

rs(mol/cm2sec) ý k2C i D+k3Cmts' 1+k_ -2/k 5 •
with the assumption that k.30t.s << k 2Cip+k3Ctms.

From the kinetic theory of gases, k2 and k3 could be expressed in terms of the

sticking coefficient of the gas species as [121,

k2 = 0.25(Sc Vt)t.s , k3 = 0.25(Sc Vt)jp (3)
with
Sci= Sticking coefficient of the gas species i

Vti = The thermal mean velocity of the gas species i = (8kT/7rM1 )0 5

From equation (2) it is clear that the deposition thickness profile along the pore
direction depends on the concentrations of both TMS and intermediate species These
concentration can be determined by considering the simultaneous transport mechanism
and chemical reactions within the single pore geometry, which will be discussed in the
following section.
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(2) Transport-reaction equations

The governing transport-reaction equation in a steady state one dimensional flow
for a general species (i) can be written as L13,141

-Di + U i C qj (4)

where Di, Uj, and Ci are the diffusion coefficient (cm2 /sec), flow velocity (cm/secv.
and the concentration (mol/cm3) of the species (i). Also qj (mol/fcm/sec) is the rate
of generation (or depletion) of the species (i) per unit length of the single pore.

With the application of the assumed deposition mechanism and equation (4),
transport-reaction equations for the species TMS and intermediate can be written as,

-Dt -s- U0 • + (ki+Sc'Vti/d)Ctms-kiC2ip=0 (5a)

-Dip a + U 4 + (k.-Cip+Sc2Vt2/d)Cip-k:Ctrs=0 (5b)

where d is the diameter of the pore.

The associated boundary conditions are,

at X = 0
CtMS = C(Ms0, Cip = Cipo (6a)

at X =L/2= Lo
aCtms aC -

J 0 (6 b)

Analytical solutions are difficult to obtain for the nonlinear coupled
transport-reaction equations (Sa) and (5b). In the following section, the finite element
method (FEM) was used to solve the transport-reaction equations numerically.

FINITE ELEMENT MODELING

The following group of dimensionless parameters wet' used for the dimensional
analysis of the transport-reaction equations (5a,b), and the associated boundary
conditions (6a,b):

X/Lo = X-, C/Ct.ýo = C-, Ratio = Dtms/Dip

Finite element formulations were obtained by multiplying the dimensionless
governing equations with weighting functions 'ki(X) and A2(X) respectively, then
integrating over the entire domain [15]. The star symbol is dropped in the subsequent
expressions for clarity.

Finite Element Formulations

K K, C 1 (7a)

K2K2 cip 0
Boundary Conditions

at X = 0
Ctms 1.0, Cip = Cipo/Ctms0  (7b)

at X = 1.0
dCt,- dC1 IP I I

= dl. .0(c
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with
ON* NN V aN

K j 77'- +Peclet Ni -- 071 +(Gast+Surf 1 ) dX

K -=- {Gas-, Ctm.o Cip NiNj) dX

K - JGas1 Ratio NiN1 } dX
21

K =•_ aNi a + Pectlet Ratio Ni +
22 -jfTe -- k ---

(Gas. 1 CjpCt~saRatio+Surf 2)N iNjidX

with
Peclet = UoLa/Dtms = Peclet Number of TMS
Gas, = kLo2 /Dtms = Forward Gas Phase Damkohler Number of TMS
Gas-, = k-ILo2/Dtms = Backward Gas Phase Damkohler Number of TMS
Surf1  ScVtLo2/d/Dt,s Surface Damkohler Number of TMS
Surf2 = Sc2Vt 2LG2/d/Dip = Surface Damkohler Number of Intermediate Species

Two-node linear elements are used to discietize the domain. The evaluation of
K 12 and K22 terms requires prior knowledge of Cip and renders the equations nonlinear.
Also because of the existence of convection terms in the formulations, the stiffness
matrix is unsymmetrical. The direct iteration scheme was used to solve the nonlinear
finite element problem [15].

RESULTS AND DISCUSSIONS

(1) Effect of the deposition temperature upon the thickness profile

Fedou et al. [5] studied the chemical vapor infiltration process of SiC from TMS
precursor along single pores with 1cm length and 34gm diameter. The deposition
temperatures were 1223oK, 1323oK, and 1373oK, with the deposition pressure
maintained around 20 kPa. The ratio of H2 and TMS was about 5.

The data used to simulate this SiC CVI process is presented in Table I. Degree
of dissociation of TMS molecules (a) was used to estimate the equilibrium constant
K9. The model predictions were found to be in good agreement with the reported
experimental results [5], as shown in Fig.2.

(2) Sticking coefficient ratio effect

As mentioned above, there are two contributions to the surface concentration of
intermediate species: (1) from the adsorption of intermediate gas phase species and (2)
from the adsorption of TMS itself, which then decomposes into the intermediate
product after being adsorbed.

With the same entrance deposition thickness, different sticking coefficient ratio
(Sc 1/Sc 2) resulted in different deposition profiles especially for low deposition
temperature (1223* K), as illustrated in Fig.3a/3b.
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(3ý Forced-flow effect

The forced-flow effects upon the deposition thickness profile is very small for
Peclet numbers up to 1.0 for both low and high deposition temperatures, as shown in
Fig.4a/4b. For low deposition temperature (1223" K) with high Peclet numbers (10.0),
the convection flow can carry the reactive gas species deep into the pore, thus resulting
in a more uniform deposition profile. On the other hand, the influence of the
forced-flow upon the deposition profile at high deposition temperatures (1373 K) is
minute even for high Peclet number (10.0).

Table I Simulation data for SiC deposition from TMS

T a OR k.z;ks Vt, Vt, D, D0 C, C,

-K %5 m/axin =15Me canssec O/it104 10#*

1223 2.0 7T 0.01 41547 71962 21,51 26.98 0.321 0.656
1323 5.0 150 ,.0 43212 74846 23.39 29.56 0.2s8 1.51S
1373 8-0 200 18.0 44021 76247 24.29 30.84 0.269 2.336

T K, k, Sc, 5eZ

-K Mo01€•=3 1/Sec
1"- 10-0 10-1

1223 0.1339 1 0.342 0.6848
1323 0.7974 30 3.140 3.140
1373 2.0313 100 9.960 9.050

___ )( K2 K.2 .3, 5
K,

tP si S"C÷,•

Fig.1 Schematic diagram Fig.2 Thickness profiles of SiC
of deposition mechanism deposited from TMS.
of SiC from TMS

0.ikm 04l C-11; R.I..001-
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S~Fig.3 Effect of the sticking coefficient ratio on the thickness profile
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Fig.4 Forced-flow effect on the deposition profile

CONCLUSIONS

This paper presents a new model for the deposition of SiC from TMS along a pore
geometry. Both homogeneous and heterogeneous chemical reactions were considered in
this model. Simulation results were in good agreements with the reported
experimental data by Fedou et al. [5].

The effect of critical parameters such as, deposition temperature, sticking
coefficient ratio, and forced-flow, on the deposition thickness profile were investigated
in this paper. Influence of the sticking coefficient ratio on the thickness profile was
found to be large for the low deposition temperatures. Forced-flow effect is very small
unless the Peclet Number is larger than 1.0.

Since the aspect ratio of the infiltrated composite preform is usually very small,
premature pore blockage is cxpected for isothermal CVI processes of SiC deposited
from TMS. The application of the forced-flow can not wholly solve the problem unless
the Peclet number is very high and the deposition temperature is low enough. This
illustrates the importance of the thermal gradient CVI processes in lowering the final
porosity of the infiltrated parts.
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FIBER-REINFORCED TIUBULAR COMPOSITES BY
CHEMICAL VAPOR INFILTRATION*

D. P. Stinton, R. A. Lowden, and T. M. Besmann
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

ABSTRACT

A forced-flow thermal-gradient chemical vapor infiltration process has been developed to
fabricate composites of thick-walled tubular geometry common to many components. Fibrous
preforms of different fiber architectures (3-dimensionally braided and filament wound) have been
investigated to accommodate components with different mechanical property requirements. This
paper will discuss the fabrication of tubular, fiber-reinforced SiC matrix composites and their
mechanical properties.

INTRODUCTION

Fiber-reinforced SiC-matrix composites appear promising for gas turbine applications because
of their high strength at elevated temperature, light weight, thermal shock resistance, damage
tolerance, and oxidation and corrosion resistance. However, incorporation of continuous ceramic
fibers into ceramic matrices without significant damage to the fibers is difficult. Hot-pressing of
fiber-reinforced composites is impractical because the extremes of temperature and pressure weaken
the continuous fibers. Cold-pressing and sintering routes to the fabrication of composites are of no
value because typical sintering temperatures greatly exceed the temperature limit of the fibers [1,21.
Because of these limitations several novel impregnation processes have been developed. One such
process impregnates a fibrous preform with liquid precursors that transform to ceramic materials on
heat treating 13-51. A second process impregnates a fibrous preform with extremely fine metallic
silicon which converts to silicon nitride when reacted with nitrogen gas at elevated temperatures
[6,7]. The greatest success has been achieved by vapor-phase processing, leading to a class of
techniques termed chemical vapor infiltration (CVI). Two distinctly different vapor phase processes
have been used to fabricate matrices: isothermal CVI, [8-11 which is used commercially, and forced
CVI under development at Oak Ridge National Laboratory (ORNL) [12-15].

Fiber-reinforced composites are being considered for combustors, burner tubes, heat
exchangers, headers, hot-gas filters and even rotors for stationary gas turbine engines.
Unfortunately, neither of the CVI processes described above has demonstrated the ability to
fabricate thick-walled tubular shapes appropriate for turbine engines. Isothermal CVI is ideal for
the fabrication of thin-,. ailed structures including complex shapes, however, infiltration times
become extremely long for thick cross sections. The forced CVI process has been developed for
thick-wall plates, however, very few tubular shapes have been infiltrated. Therefore, the focus of
this investigation was the development of the forced CVI process for the fabrication of thick-walled
tubular composites.

FIBROUS PREFORMS

Nicalon fiber preforms of a tubular geometry (2.5 to 3.8 cm ID; 0.6cm wall thickness; w15
cm long) were fabricated with different fiber architectures. Nicalon is a polymer derived SiC fiber
that is microcrystalline or amorphous in nature and contains significant amounts of silica [16,17].

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD Materials Program,
under contract DE-AC05-840R21400 with Martin Marietta, Inc.
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Filament winding of fiber tows was used to fabricate components that require high hoop or radial
stengths, but relatively modest axial strengths. A fiber architecture of this type would be ideal for
combustors or headers. Three dimensional braiding was used to fabricate components for
applications such as burner tubes or heat exchangers that require high axial strengths but only
modest hoop strengths. Preforms were also fabricated by wrapping layers of cloth around a mandrel
so that half the fibers were in the hoop direction and half in the axial direction. Filanf , Kntw d
preforms formed on graphite mandrels were prepared by the K-25 plant in Oak Ridge. The
graphite mandrels contained hundreds of holes to permit ready access of reactant gases to the
fibrous preform. The initial preforms were unidirectionally wound with the fibers less than I* off
the hoop direction. Satisfactory tubes with fiber contents of 45 to 55 vol % were produced, but
because of the small angle. expected strengths in the axial direction are minimal. Therefore, tubes f
were produced with the fibers 10° off the hoop direction to increase the axial strength (Fig. 1),
Initially, space was left between fiber tows, however, large pores became aligned on top of each
other making thorough infiltration difficult. The winding technique was then modified to place
adjacent tows in contact. This winding technique produced a density of about 47 vol % and
prevented the formation of large pores in the preform.

• 2 ._ 2 ( 2345

Fig. 1 Preforms with different fiber architectures; (left) filament wound with fibers 10° off
the hoop direction, (center) same except adjacent tows are touching, (right) 3-D braid.

Quadrax Corporation' prepared 3D braided preforms on graphite mandrels for this study.
The initial tubes were braided very loosely and contained only about 15 vol% Nicalon fibers (Fig.
1). Near the ends of the preforms, the braided fibers were bound to the mandrel with graphite yarn
to prevent the braid from unraveling. Infiltration of such a low density preform proved to be
impossible with the forced CVI process. Therefore, researchers at Quadrax Corporation modified
their process in order to fabricate tubes containing up to 40 vol % Nicalon fibers.

In another approach, process was developed to fabricate preforms for hot-gas filters that
combines continuous and chopped fibers. The continuous fiber produces the strength, damage
tolerance, and thermal shock resistance while the chopped fibers control the permeability and
filtering efficiency of the filter surface. Preforms of this type are fabricated by fiber molding
chopped fibers into the open pores of a braided substrate. Hybrid preforms have proven to be ideal
for hot gas filter applications in work being performed at The 3M Company. One further advantage
of the process is that expensive Nicalon fibers can be replaced by less expensive

*Quadrax Corporation - 300 High Point Avenue, Portsmouth, R. I.
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chopped alumina or Nextel fibers. Because of the reduced cost, hybrid preforms may also find
application in heat exchangers or regenerators where strength requirements are quite modest.

FIBER-MATRIX INTERFACE

The mechanical properties of fiber-reinforced ceramic composites are controlled by the
amount of fiber in each orientation and the strength of the bond between the fibers and the matrix
1181. Experience has shown brittle composites result when the SiC matrix is applied directly onto
the Nicalon fibers. Fracture surfaces for these materials are flat and smooth with no evidence of
fiber pullout that results in toughening. To control the interfacial bond strength and protect the
fibers from the corrosive, HCI laden CVI atmosphere, a thin layer of pyrolytic carbon (0.1 to 0.Sjm
thick) is deposited onto the Nicalon fibers. The laminar structure of the graphitic carbon coating
protects the fibers from HCI attack and promotes the movement or slip of the fiber within the
matrix.

CVI PROCESSING

Forced chemical vapor infiltration as developed at the Oak Ridge National Laboratory
utilizes a thermal gradient and a pressure gradient to efficiently infiltrate simple flat plate preforms
of thick cross-section. The forced CVI process was recently modified so that tubular preforms could
be infiltrated by creating a thermal gradient from the outside of the tube to the inside 1191. While
the outside of the preform is heated, cold water is circulated through the stainless steel injector to
cool the inside diameter of the fibrous preform (Fig. 2). The gaseous reactants enter the furnace
through tubing that runs within the water cooling passage. Reactants flow from the tubing in the
cooling passage into a graphite gas distributor and are dispersed along the length of the preform
through parallel slots in a graphite gas distributor. Reactants then proceed uniformly through holes
in the graphite mandrel into the preform (Fig. 3).

SaPNCE PE•M-•E ----- "AS TVg

SLOTS N •AS i (4) MEFOR
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GRAPI HOLEST IN ,

(3) MANDRELR

AN• A FORMM

0 234

,4E A:TANT OAS •N•-0 .'o CENTIMETERS

Fig. 2 Schematic of equipment Fig. 3 Photo of graphite gas distributor
used to infiltrate tubular preforms. and mandrel for infiltrating tubular composites.
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Densification of the tubular preforms occurs when hydrogen and methyltrichlorosilane
(CH.3SiCI, or MTS) flow through the mandrel. Decomposition of the MTS and deposition of SiC
occurs as the gases approach the higher temperature regions near the outer diameter of the preform.
Deposition of SiC within the hot region of the preform increases the density and thermal conductivity
of the material. Therefore, the deposition zone moves from the outer diameter, hotter regions
toward the inner diameter, cooler regions.

Filament wound preforms were effectively infiltrated from the outset using this system. The
high fiber content of the preform produced a sufficient backpressure to disperse the reactants along
the length of the tube allowing them to flow uniformly through the walls of the preform. The
microstructure of filament wound composites (Fig. 4a) demonstrates that the limited amount of
porosity is distributed uniformly through the thickness. In contrast, flat plate preforms produced by
cloth layups result in a very different microstructure (fig. 4b). Note the greater amount of porosity
and the tendency for voids to line up regardless of the layup (0°-90* vs 30-60-90 etc.).

0.5cm 1cm

Fig. 4 Microstructure of a) filament wound tubular composite and b) a flat plate type composite
(cloth layup preform). Note the interconnected porosity from layer to layer in the flat plate
composite.

Braided preforms were much more difficult to infiltrate than filament wound preforms.
Braided preforms with a fiber content of only 15 vol% were investigated initially. The low fiber
content and large gaps between fiber bundles created voids that extended through the thickness of
the preform. Because of these voids, no backpressure was created by the preform to disperse
reactants along the length of the tube. Therefore, reactant gases entered the center of the preform
and flowed directly through the walls so that very little SiC was deposited. Preforms that had been
braided to a Fiber loading of 33 vol % were also infiltrated. The porosity created by this braid was
more uniformly distributed, however the permeability was relatively high and
reactants moved through the preform so that little deposition occurred near the ends of the preform.
Braided preforms with still higher densities will be required to obtain proper infiltration. Ptetmrs
fabricated for use as hot-gas filters containing braided continuous fibers and fiber molded chopped
fibers were also investigated. Since chopped fibers are much less permeable to gases than cloth, the
hybrid preform created a significant backpressure that dispersed the reactants along the length of the
tubular preform. The uniform movement of reactants through the preform resulted in SiC being
deposited in the hot outer region of the tube. After sufficient densification occurred, the infiltration
proceeded to the center and inner diameter of the preform.
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MECHANICAL PROPERTIES

The mechanical properties of SiC matrix composites reinforced with Nicalon fibers have
been characterized when fabricated as simple disks [191. Forced CVI composites exhibit an average
flexure strength of -380 MPa and an apparent fracture toughness of '-23 MPa-m"2 . To date, the
mechanical property characterization of tubular shaped composites has been very limited. The
mechanical properties of one filament wound 3.8 cm diameter (6 mm wall thickness) tubular
composite have been measured. The 16 cm long tubular composite was cut into 6mm thick C-ring
specimens. Room temperature compression testing of three of these rings ranged from 777 MPa
to 842 Mpa. Testing at 1000°C resulted in slightly lower strengths that ranged from 574 to 603
MPa. Composites reinforced with braided or filament wound preforms are currently being
fabricated for tension/torsion testing at room and elevated temperature.

S

CONCLUSIONS

Fiber-reinforced SiC matrix composites of tubular geometry are desired for application in
advanced gas turbines because of their oxidation resistance, damage tolerance, and thermal shock
resistance. A process has been developed that can efficiently fabricate thick-walled tubes in short
times without damaging the reinforcing fibers. Tubular preforms were obtained with different fiber
architectures to satisfy different strength requirements. Densification of filament wound tubes was
accomplished without difficulty because the tubular preforms were sufficiently permeable to disperse
the reactants along the length of the preform. Infiltration then proceeded as desired from the hot
face to the cool face of the preform. Densification of braided preforms was considerably more
difficult. Braided preforms were less dense and had porosity that extended through the walls.
Therefore, the preforms were so permeable that reactants failed to disperse properly along the
length of the preform. After denser, much less permeable braided preforms were obta-."--d,
densification of tubular preforms was achieved. C-ring strengths of filament wound composites were
found to be quite high (-800 MPa) at room temperature but decreased to -600 MPa at I0001C.
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EFFECT OF WT INTERFACIAL COATING CN THE STRENGTH
OF A SILICON CARBIDE/SILICON NITRIDE COMPOSITE

KIRK P. NORTON AND HOLGER H. STRECKERT
General Atomics, P.O. Box 85608, San Diego, CA 92186-9784

ABSTRACT

Boron nitride has beer identified as a good fiber/matrix
iiterface coating for SiC fibers in a Si3N4 matrix. Boron
nitride thin films preparea from EC1 3 and NH 3 at 1000'C and from
3 2H6 and NH3 at 5500

C were deposited on SiC (Nicalonx) cloth in a
low pressure chemical vapor deposition reactor. The coating
thickness was varied from 0.1 um up tc 4 1Am. Six layers of cloth
for each coating thickness were incorporated into a chemical
vapor infiltrated matrix of amorphous Si 3N4 .

Flexural strength data and composite toughness were obtained
from three-noint bend tests. Scanning electron microscopy and
metallographic analysis of fracture surface morphology were used
1o determine the failure mode.

INTRODUCTION

The development of ceramic matrix composite fabrication
rechnology has progressed to the point where fiber-matrix
interface coatings will be required to achieve satisfactory
fracture resistance 1,2. Interface coatings applied are known tu
principally serve two functions. The interface coating may
provide a barrier against diffusion between the fiber and the
matrix 3,4. Secondly, to transfer the load from the matrix to the
:fiber, thereby enhancing the strength of the material and, if the
interface bonding is not too strong, enhance the fracture
toughness of the composite through fiber pullout 1-5.

Boron nitride has been identified as a good barrier coating
for silicon carbide fibers. Indentation studies, where the force
to push the fiber through the matrix is measured, show a low
frictional stress of -6.6 MPa in a Silicon Carbide matrix 6 and
16 MPa in a Si 3N4 matrix 5. Low matrix shear stress results in
clreater fiber pullout during failure.

EXPERIMENTAL PROCEDURE

The coatings discussed here were made on Nicalon5 CG SiC
cloth. The cloth was cut into strips, 5 cm by 20 cm and placed
inside a cylindrical graphite susceptor. The susceptor was 5 cm
ID by 25 cm long, supported inside a quartz tube. The graphite
was inductively heated. Coating gases were fed through the top
of the quartz tube and evacuated through the bottom.

Amorphous boron nitride coatings were prepared by two
different CVD routes7

. A high temperature BN, was prepared from
boron trichloride and ammonia in hydrogen.

Mat. Res. Soc. Symp. Proc. Vol. 250. ,1992 Materials Research Society
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rhc following first order reaction iz assumed:

BC1 3 + NH3  BN + 3HCI.

This reaction for deposition of BN on Nicalonl cloth is carried
out at 1000'C and a pressure of 3 to 4 torr. The reaction
procŽeds rapidly at theso conditions. A deposition rate on the
order of 0.15 tim/min is not unusual. The second, a dual BN
:oating was prepared in two steps. The first step consists of
reacting diborane and ammonia at 550'C in hydrogen according to
the following reaction:

B2H6 + 2NH3 =: 2BN + 6H 2 .

This low temperature BN was found to protect the fibers from
chemical attack such as Cl- from the BC1 3 reaction. The second
step in the dual coating is the deposition of high temperature BN
as previously described.

Composite Fabrication

Composite coupons were made from the coated Nicalony fabric
and chemically vapor infiltrated with silicon nitride. The
coupons consisteded of six layers of cloth. The BN coated strips
of cloth were made into preforms by binding the layers together
with polystyrene. Preforms made in this manner have the
advantage that fiber architecture and fiber volume fraction can
be more accurately controlled. These preforms were then cut into
I cm x 4 cm squares. The thickness of the coupons was influenced
by the thickness of the coating on the fibers and ranged from 2.8
mm to 3.8 mm. In addition to the coupons made with coated
Nicalonx. one sample was made from Nicalonx which received no
coating.

The composite infiltration was performed using the 33 cm ID
coater, designed at GA for that purpose. The coater can be used
for chemical vapor infiltration in several configurations such as
isothermal, thermal gradient, or thermal gradient with forced
flow. For making the composites described here, a thermal
gradient with forced flow was used. The samples were constrained
in a graphite fixture and radiantly heated from above and
actively cooled from below. The :oating gases were forced
through channels in the graphite fixture and the layers of cloth.
As the reactant gases pass through the thermal gradient,
reactions take place which result in the deposit being formed at
the hot surface. As the process continues, the deposition front
moves downward through the cloth raising the local temperature."The deposition of Si 3 N4 is achieved by reacting SiCl4 with NH- at
150 to 800*C and a pressure of 100 torr.

Composite Testing

The composite coupons were carefully removed from the
graphite fixture. To avoid weakening the coupons by prying them
away from the fixtures, any graphite remaining on the coupons was
oxidatively removed by heat treating overnight at 650*C in an air
furnace. Each coupon was sectioned into six (6) strips using a
diamond blade sectioning saw. The average dimensions for the
test beams were; 6mm X 3mm ana 40mm long.
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RESULTS

A short beam 3-point bend test was performed on three samples
from each coupon. Figure 1 summarizes the average flexural
atrengths for the samples tested at room temperature. The
composites made from the high temperature BN coated cloth showed
the highest st'ength with an average strength of 212 MPa. The
composites made from the cloth with a dual coating of BN
exhibited a moderate strength with an average of 132 MPa.

500 -

0..

Figure 1. Results of 3-point bend tests for composite
coupons with and without BN coating on fibers.

Scanning electron microscopy was used to examine the fracture
surfaces of the broken samples. The samples in which the fibers
were coated with SH showed considerable fiber pullout. The
!ýracture surface of the sample made from uncoated fiber-s was
i-elatively smooth and indicates an undesirable brittle failure.
The stress strain curves for these samples support the same
cesult.

Figure 2 displays an optical micrograph of two of the broken
samples, magnified Bx. in the figure, the sample made from the
dual BN coated Nicalon'lO is on the top (flexural strength, 132
MPa) , and the sample made from the high temperature BN coated
Nicalon% is below (flexural strength, 212 MPa). Whilebohsw
the fiber pullout characteristic of tourgh composites, the degree
of pullout in the bottom sample helps to explain the difference
'-n strength between them.

Fiber Coating Optim~ization

The high temperature BN coated '7icalon* composite exhibited
the greatest flexural strength in this study. Not immediately
clear, whether the difference in strengths seen between the high
I~emperature BN and the dual BN coated NicalonA composites is due
to the difference in the chemistry of the BN or some other
parameter, such as coating thickness. The variation in coating
thickness is readily apparent since the high temperature BN was
on the order 3 to 4 ýtm thick while. the dual BN was approximately
0.75 u~m thick.
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I

Figure 2. Fracture edges of Si 3N4 composites with; dual
coating of BN in the top sample, and high temperature BN
in the bottom sample. (magnification 8X)

However, examination of the fracture surfaces for the two
interface coatings shows that debonding occurred at the
fiber/coating interface. The scanning electron micrograph in
Figure 3 shows the debonding and crack deflection at the
fiber/coating interface. The granular-like appearance of the
surface in this figure is an artifact of the polishing procedure.

Figure 3. Scanning electron micrograph photo showing crack
deflection at the fiber/coating interface.
(magnification 1500X)
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If equal or perhaps greater strength in the composite can be
obtained by a thinner coating, this would enhance not just the
mechanical properties, but would speed the processing as well.
In order to address this issue, additional composites were made
with different fiber coating thicknesses. Four coupons were made
with high temperature BN coatings, targeting thicknesses of 0.1,
0.5, 1, and 4 ýum thick on Nicalon

5 
HVR. The actual thickness

achieved were 0.12, 0.55, 1.07, and 5.6 pm. One coupon of
Nicalon® HVR with 1.0 pm thick coating of low temperature BN was
included. The infiltration was repeated as described previously
with Si 3N4. The coupons were sectioned and tested using a 3-
point bend test. These results are shown in Figure 4. This
figure illustrates that for the high temperature BN the composite
strength is independent of fiber coating thickness foi
thicknesses between 0.55 and 5.6 gm. However, there is a
significant reduction in strength when the coating thickness is
reduced to 0.12 t•m. Also, when comparing the 0.16 pm thick low
temperature BN with the 0.12 pRm thick high temperature BN, there
is a distinct contrast between the effectiveness of the two
coatings, with the high temperature BN composite being stronger,
though thinner.
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Figure 4. Results of 3-point bend tests for Si 3N4 matrix
composites with varying thickness of BN interface coatings.
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CONCLUSION

Boron nitride has shown to be a good interface coating for
SiC fibers in a amorphous Si3N4 matrix. A BN coating prepared
from BC1 3 at high temperature (1000*C) results in a much stronger
and tougher composite than does a coating prepared at low
temperature (550'C) from B2Hb. The optimum fiber coating thickness
for the high temperature BN is greater than 0.12 pm but no r.nre
than 0.55 pm for SiC fibers in a Si 3 N4 matrix composite.
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MICROWAVE ASSISTED CHEMICAL VAPOR INFILTRATION
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ABSTRACT

A microwave assisted process for production of continuous fiber reinforced ceramic matrix
composites is described. A simple apparatus combining a chemical vapor infiltration reactor with a
conventional 700 W multimode oven is described. Microwave induced inverted thermal gradients
are exploited with the ultimate goal of reducing processing times on complex shapes. Thermal
gradients in stacks of SiC (Nicalon) cloths have been measured using optical thermometry. Initial
results on the "inside out" deposition of SiC via decomposition of methyltrichlorosilane in
hydrogen are presented. Several key processing issues are identified and discussed.

INTRODUCTION

Many materials used in high temperature service, including monolithic ceramics, tend to be
brittle and susceptible to catastrophic failure through crack propagation. This has lead to
concentrated interest in the fabrication of fiber reinforced ceramic matrix composites (CMCs).
CMCs consist of a fibrous backbone, or substrate, whose void spaces are filled with a "matrix"
material. The chemical composition of the matrix may or may not be the same as that of the fibers.
While a random pile of individual fibers may be used as reinforcement, the tougher CMCs typically
consist of continuous fiber bundles, or yarn, woven together to form either two or three
dimensional "textile" cloths.

Processing techniques for CMCs differ primarily in the way matrix materials are infiltrated
into the porous substrate. Infiltration may involve molten liquids, sol-gels, polymeric materials,
powders, or vapors. Most of these techniques require final densification steps, e.g. sintering,
involving matrix shrinkage. Large residual stresses can develop when a matrix shrinks around
non-shrinking fibers. Chemical vapor infiltration (CVI) is an attractive alternative for matrix
deposition since it avoids stressing the fibrous backbone during processing. Also, relatively low
temperatures are used in CVI which limits adverse chemical attack on the fibers. Conventional CVI
processes may be either isothermal or involve intentionally imposed thermal gradients. Deposition
may be reaction or diffusion limited, or may rely on forced and/or pulsed reactant flows. The
various configurations have recently been reviewed by Besmann et al [ 1]. To varying degrees,
conventional CVI processes are typically subject to some or all of the following drawbacks:
preferential deposition in the substrate's outer regions leading to pore blockage; long processing
times with intermittent machining operations; non-uniform composite density; high residual
porosity; and limitations on substrate geometry. However, despite inherent limitations commercial
CVI operations are now in place.

The idea of using electromagnetic radiation, in particular microwaves, to heat substrates
during CVI has recently been explored numerically 12]. The potential advantage in using
microwave heating is the ability to heat the substrate internally, giving rise to "inverted" thermal
gradients. With the internal region of the substrate hot, cool reactant gases could penetrate inward
prior to the onset of reaction. Consequently, deposition could occur from the inside-out. A
successful microwave CVI process could offer several advantages over conventional technologies.
First, constraints on substrate geometry would be removed. Second, more spatially uniform, high

This work is performed under the auspicies of the U.S. Departmcnt of Energy Office of Industrial Technology,
Advanced Industrial Concepts (AIC) Materials Program.

Mal. Res. Soc. Symp. Proc. Vol. 250. '1992 Materials Research Society
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density composites should be attainable. Third, relatively short processing times should be
possible. Fourth, machining operations to reopen closed pores should not be necessary since
densification would occur from the inside-out. Success will of course require proper management
of heating and cooling rates. The electric field within the prefor n governs the local heating rate,
Interaction of an electromagnetic field with a porous preform is complicated. In general, the local
heating rate is proportional to the square of the electric field strength and to the effective dielectric
constant and loss factors for the growing composite. On the other hand, substrate heat losses occur
primarily by way of radiation and convection. One expects these losses to depend on geometry,
temperature, flow rates, and to a lesser extent, on weave architecture and lay-up pattern. The
present work is an experimental investigation into the feasibility of microwave assisted CVI.
Emphasis is on quantifying induced thermal gradients, combining CVI and microwave heating to
demonstrate inside-out densification, and examination of materials and processing issues.

EXPERIMENTAL RESULTS

In order to quantify the microwave induced thermal gradients, optical thermometry
experiments were conducted. Measurements were made in cylindrical SiC cloth lay-ups subject to
700 W of 2.45 GHz microwave energy. Measurements were conducted in a commercial General
Electric multimode oven. Temperatures were measured along both the cylinder axis and mid-plane
radius using quartz fiber optic cables woven directly into the substrate. The optical cables were
connected via photodiodes to amplifier circuits from which voltages were read. Each optical
thermometer was first calibrated using stacks of SiC cloth placed in a conventional high
temperature furnace. The thermal profiling data shown in Figure 1 indicates that steep inverted
thermal gradients can be established in SiC cloth lay-ups.
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FIGURE1. Inverted thermal gradients in SiC cloth lay-ups.

Internal temperatures in excess of 1000 0C were observed in stagnant air along with gradients on
the order of several hundred oC/cm. Similar gradients are seen in atmospheres other than air, e.g.

"- H2, CH4 , and C3H 6. The error bars shown in the figures include contributions from positioning
cables within the preform and variations in the voltage readings, as deduced from the calibration.

Figure 2 is a schematic of the gas delivery system and microwave CVI cavity. The latter
consisted of a modified 2.45 GHz, 700 W General Electric commercial multimode oven. A circular
hole was laser cut through the oven floor through which a Pyrex bell jar reactor was inserted. The
interior floor of the reaction vessel was a metallic plate with a circular hole in the center used for
reactant feed and product gas removal. A metallic sleeve was utilized to reseal the cavity.
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FIGURE -2. Microwave CVI Apparatus.

Provisions were made for sampling of reactant and exhaust gases for analysis by FTIR and mass
spectroscopy. Substrates consisted of a pile of ten circular Nicalon (SiC) cloth sections with a 7 cm
diameter. A quartz ring 2.5 cm high was used to positioned these off the reactor floor. Initial
experiments involved deposition of SiC from snethyltrichlorosilane (MTS) and hydrogen through
the reaction CH3SiC13 + H2 = SiC +311(2. Two sets of reaction conditions were considered:

Cae Toa P4ressure Partial Pressure MTS Hydreen lo Rate (me/min)
1 300 Tonr I Torr 4000 scum 0.5

II 600 Tonr 20 Torr 500 scum 7.0

These infiltration conditions were chosen to represent both low and high SiC deposition rates.
Figure 3 shows photographs of cloth layers from the stack center under Case I conditions.

(a) (b)
EIGURE 3. Partially densified cloth. (a) Inside-out densification. (b) Nonuniform heating pattern.
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With radiation and convective heat losses at the surface, dte highest temperatures were at the
preform center. CVI against the thermal gradient resulted in preferential deposition in the hot
region. The coated region, which appears white, is clearly seen in Figure 3(a). The size of this
infiltrated region decreases in diameter moving along the stack axis toward either the top or bottom
surface in general agreement with the thermal profile data shown in Figure 1. However, with thelonger infiltration times the substrate center appeared to cool and pasterns such as that seen in

Figure 3(b) typically evolved. Several factors may contribute to this phenomenon. First, regions
may be selectively cooled by reactant gas flow patterns. If this is the case, then a systematic study
using various cloth lay-up patterns, weave architectures, and gas delivery configurations is called
for. However, initial experiments do not suggest a strong sensitivity to lay-up pattern or gas flow
rate. Another possible factor contributing to inhomogeneous heating patterns is that the microwave
cavity employed in these experiments is less-than-perfect. It is widely known that commercial
multimode ovens of these dimensions do not heat uniformly. A related issue is that as densification
occurs it may be necessary to continuously increase the microwave power input above the currently
available 700 W to maintain the desired heating rate. A more robust microwave CVI reactor should
eliminate these difficulties. Finally, the possibility that the deposit affects microwave susceptibility
must be considered. If filaments are coated with a material which does not couple well with the
electric field to produce heating, then the heating rate may diminish once the coating thickness
exceeds the skin penetration depth:

Skin depth = I / (itfiao)1/ 2  (1)

where f the frequency, pa is the permittivity, ard o the dc conductivity. If this occurs, then an
initially hot region may be partially densified with subsequent cooling. The microwaves may then
more effectively couple with a different region of the substrate. The impact of microwave-material
interactions during SiC CVI is discussed in more detail in the following section. A combination of
the above mentioned factors is most likely responsible for the phenomenon seen in Figure 3(b).

Figure 4 shows an end-on view of a densified fiber bundle taken from the preform center
obtained using Case 1I CVI conditions. Also shown is the cloth total weight gain versus time data.
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EI~1JM~A,(0 Inilrte0 200dime ((hin)FIGURE 4. (a) Infiltrated bundle. (b) Weight gain data.
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Under Case 11 infiltration conditions, heating patterns remained circular on a given cloth layer. The
radius of the hot spot increased with time and there was no apparent cooling of the interior regions
as deposition occurred. Fiber bundles in the interior of preform were reasonably dense, as seen in
Figure 4. Also, the weight gain data for the stacked cloth layers showed a response typical for
CVI. However, x-ray diffraction patterns for these samples indicated the deposit was rich in Si.
Within the densified region some zones were clearly denser than others. This again may be due to
the inhomogeneous electric fields produced with the present cavity. It should be noted that the
change in composition from beta-SiC to SiC/Si resulting from changes in reactant composition and
pressure is in general agreement with recent findings on the MTS-H 2-SiC system [3].

DISCUSSION

Case II conditions resulted in regions of high density consisting of a SiC/Si mixture while
under Case I conditions substrates were effectively extinguished after one hour of SiC deposition.
Pure beta-SiC coatings of more than a few microns could not be achieved with either set of CVI
conditions. These observations suggest the coating mray adversely affect absorption of microwave
energy. For example, if the conductivity of the semiconducting beta-SiC coating is greater than that
of the Nicalon cloth, then an increase in reflected energy from the coated surface is anticipated
Reported room temperature conductivities for beta-SiC range from 10-2 to 102 (ohms-cm)-l [41,
with a band gap of approximately 2.0 eV. Given these values, one would expect beta SiC to be a
good conductor at elevated temperatures. Manufacturers report the conductivity of Nicalon cloth as
10-3 (ohms-em)-' and do not expect it to vary significantly with temperature. Considering the
difference in properties between the fiber and and the coating, a drop in temperature is reasonable.
It is interesting to note that with Case I conditions, the initial heating occurs in the preform center
for several minutes, a time sufficient to deposit on the order of a micron of SiC. With subsequent
heating, the hot zone spreads radially and visually dulls. This condition persists for an additional
15 minutes and again the hot region dulls and heating is observed only at the outer edges of the
preform. It would appear that each time a critical coating thickness is reached, a new set of modes
is established and therefore a different heating pattern occurs. Eventually no glow is observed and
deposition ceases. For Case II however, deposition of both SiC and Si occurred with no apparent
decrease in temperature. For these conditions, namely, a temperature of approximately 10000C,
high pressure, and low residence time, a reduction in temperature could result in the preferential
deposition of Si over SiC. The room temperature conductivity for silicon is on the order of 10-5
(ohms-cm)-', while at 10000C it is approximately 100 (ohms cm)-'. Presumably, the conductivity
is low enough to maintain heating at a slightly reduced temperature. Figure 5 shows an interfacial

FIGURE 5. End-on view of fiber bundle for Case II. Note region surrounding fibers.
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layer on the order of a micron thick between the Nicalon fiber and the Si rich matrix. This is
consistent with the idea that beta-SiC is initially deposited resulting in a subsequent decrease in
temperature favoring the deposition of Si.

Initial results suggest the infiltration of beta-SiC with our present limitations on power will
be difficult. It also points out the need for careful control of the matrix properties during CVI. For
semiconductors, values of the conductivity in the extrinsic range can vary dramatically, covering
many orders of magnitude for small variations in impurity concentration. Fortunately the CVD
technique is well suited for control of these factors. The possibilities of co-deposition or doping of
suitable phases to alter the conductivity and dielectric properties of the matrix material needs to be
explored. This of course is only possible to the extent that it does not degrade the required I
mechanical properties of the composite. The effect of interfacial layers, such as carbon or boron
nitride which are used to enhance the composite toughness, on subsequent microwave heating of
the fibers also needs to be explored.

For future experiments, consideration should be given to both single and multimode
microwave cavities. Multimode cavities are inexpensive and easy to operate. Given a uniform
electric field and control of substrate cooling, multi-mode cavities should be capable of promoting
inverted gradients in complex shaped substrates. In contrast, a single mode cavity involves regions
of high field concentration and localized hot-spots. The single mode cavity is usually more energy
efficient and can localize heating. However, using a single mode cavity during densification of
complex shaped substrates by CVI will likely require continuous and non-trivial tuning schedules
and power modulation schemes. Of primary concern should be the ability to manipulate and control
the thermal gradients, which in turn govern the densification process. For example, if the localized
heating shown in Figure 3(a) is such that the hot region is essentially isothermal with a steep
thermal gradient at the outer edge then problems typically associated with convention CVI, such as
pore blockage in the outer region, are possible under certain conditions. Flexibility can be
maximized through use of in-situ diagnostics, variable input power, and cavity tuning.

Microwave radiation, in combination with sufficiently reduced pressures, will result in a
glow discharge due to electrical breakdown in the vapor. Low operating pressures may be either
intentionally set or be encountered during specific phases of a cyclical pulsed-pressure CVI process
[51. The presence of a discharge could have beneficial effects on CVI. For example, in systems
where vapor phase reactions are involved, chemical kinetics may be substantially enhanced and
new reaction pathways may become available. However, since it is not clear that a glow discharge
can be maintained within porous preforms, plasma assisted CVI may involve only the infiltration
of neutral species formed in the discharge. Furthermore, the power consumption involved in
maintaining the discharge can be appreciable and thus limit the ability to heat the substrate as
desired. Possible damage to both fiber integrity and fiber-matrix interfaces from ion bombardment
must also be considered. CVI in the presence of glow discharges will be explored in a future work.

In summary, microwave-induced inverted thermal gradients and the possibility of inside-
out densification by CVI have been demonstrated. Several issues central to further process
development have been identified. This includes control over microwave power input, flow rates,
and cavity tuning. In addition, it appears that control over the matrix composition may prove
necessary in order to maintain a suitable level of microwave heating, or conversely, to avoid a
thermal runaway.
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CVD OF SILICON CARBIDE ON STRUCTURAL FIBERS:
MICROSTRUCTURE AND COMPOSITION

Lisa C. Veitch, Francis M. Terepka, Suleyman A. Gokoglu, NASA Lewis Research Center,
Cleveland, OH

I

ABSTRACT

Structural fibers are currently being considered as reinforcements for intermetallic
and ceramic materials. Some of these fibers, however, are easily degraded in a high
temperature oxidative environment. Therefore, coatings are needed to protect the fibers
from environmental attack.

Silicon carbide (SiC) was chemically vapor deposited (CVD) on Textron's SCS6
fibers. Fiber temperatures ranging from 1350 to 1500 0C were studied. Silane (SiH,) and
propane (C3H8 ) were used for the source gases and different concentrations of these
source gases were studied, Deposition rates were determined for each group of fibers
at different temperatures. Less variation in deposition rates were observed for the dilute
source gas experiments than the concentrated source gas experiments. A careful
analysis was performed on the stoichiometry of the CVD SiC-coating using electron
microprobe. Microstructures for the different conditions were compared. At 1350'C, the
microstructures were similar;however, at higher temperatures, the microstructure for the
more concentrated source gas group were porous and columnar in comparison to the
cross sections taken from the same area for the dilute source gas group.

INTRODUCTION

Ceramic fibers are of interest as reinforcing materials for advanced ceramic and
intermetallic matrix composites for aerospace applications. For many of these
commercially existing fibers, additional coatings will be needed to protect the fibers from
oxidation. These coatings will also serve to enhance the fiber/matrix interfacial properties.

Silicon carbide coating has been considered to protect the outer carbon-rich
coatings of Textron Specialty Materials' SCS6 silicon carbide fiber and can be synthesized
by chemical vapor deposition (CVD) techniques. A number of different precursors,
conditions and reactors have been discussed in the literature [1-3]. In this work, the
deposition rates, stoichiometry and microstructure of the CVD SiC on SCS6 was
examined.

EXPERIMENTAL

For the deposition experiment, a vertical batch fiber reactor was used to coat 30
cm long fibers [4). Deposition temperatures ranged from 1350 to 1500 0C, .nd SiH, and
CH, were used as the source gases with H2 as the carrier gas. A 1:9 S.C atom ratio
of source gases was held constant for all deposition experiments. Two distinct sets of
experiments were conducted, based on different source gas concentrations. Group A
experiments were performed using 3 mole% SiH4 and 9 mole% C3H. Group B
experiments were conducted using 0.3 mole% SiH4 and 0.9 mole% C3 H,. The
temperature of the fibers during the CVD process was monitored at the center (15 cm)
of the fiber with a two-colored optical pyrometer.
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RESULTS AND DISCUSSION

The CVD SiC coating thickness on the fibers was measured using a split image
microscope. SEM micrographs of polished cross sections were also used from several
locations along each fiber to confirm the optical microscope readings. Figures 1 and 2
show the deposition rate variation along the fibers for different temperatures for each
group. The error bars indicate the standard deviation in deposition rate measurements.
A large variation in SiC thickness and, hence, deposition rate was evident for the Group
A fibers. For the dilute source gas case for Group B fibers, less variation was seen. It
is possible that the Si atoms are able to migrate over a longer range on the surface of the
fiber for dilute flows before becoming incorporated in the surface as SiC. This would give
a more uniform profile along the fiber.

It is difficult to conclude what are the dominant mechanisms for this particular SiC
CVD process. The flat profile for Group B fibers may be evidence of diffusion controlled
process. The large rates at the beginning of the skewed profile for the Group A fibers
may be explained by a thermally controlled chemical kinetic process and, then, farther
along the fiber, the process seems to have become more diffusion and depletion
controlled. However, for both groups, there are a number of different decomposition
reactions occurring during the CVD process and, what species are available and at what
concentration is not known. The uncertainties in the fiber temperature measurement will
also contribute to the observed scatter in the deposition rate data [4].

Electron microprobe analysis was used to determine the stoichiometry of the SiC
coating. CVD single crystal beta-SiC was used as a standard. The fiber samples analyzed
were taken from the center position of the fibers where the temperature was monitored.
Figures 3 and 4 show the variation in stoichiometry for the different temperatures for each
group. For Group A fibers, the SiC deposited at 1350 °C was only 3 microns thick and
resulted in an unreliable chemical analysis. The measurement error for the electron
microprobe analysis is -10%. From Figures 3 and 4, all of the fiber coatings fall within
the electron microprobe error. For this reason, all of the SiC coatings can be considered
close to stoichiometric.

Several places along the fibers from each of the groups were also analyzed. At
1400 'C, the Si-rich SiC coating became more stoichiometric from the 17 cm position to
the end of the fiber (30 cm), and by 1500 'C, the CVD SiC coating became stoichiometric
as early as the 7 cm position (close to the gas inlet). A similar trend was observed for
the Group B fibers also. One can explain this by by the fact that CAHa, which is harder
to crack than silane, starts to dissociate faster at higher temperatures into more reactive
species, such as CH3, C2H5 , C2H1 and CAH2, and becomes competitive with Si-containing
species for the formation of SiC [3].

SEM micrographs (backscatter and secondary electron) revealed that the
microstructures of the higher temperature CVD SiC for Group A fibers was columnar and
less dense than that of the higher temperature cases for Group B fibers. Figure 5 shows
the 1450 'C cases for each group (the cross sections are taken from the center position
of the fibers). This type of growth can be attributed to the fact that the Group B fibers
have a much slower deposition rate than the Group A fibers. Similar morphologies with
other precursors have been reported for these temperatures [1,3]. Close to the gas inlet
position, both fiber groups exhibited a very porous and columnar structures for
temperatures between 1400 and 1500 °C.

Figure 6 compares the microstructures for the 1350 'C cases. Here, the
microstructures appear similar. It seems that temperature, rather than deposition rates,
is the critical variable in determining the microstructure evolving at 13500C.
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SUMMARY

Silicon carbide was deposited on Textron's SCS6 fiber using SiH, and CH,H
precursors. The leposition rates for temperatures ranging from 1350 to 1500 `C and
different source g, s concentrations were determined. Electron microprobe analysis was
used to determine the stoichiometry along the fibers. The CVD SiC coatings were close
to stoichiometric for all of the temperatures and source gas concentrations studied. Also,
at higher deposition temperatures, the SiC coatings were more stoichiometr' long
longer lengths of the fiber. The microstructure of the SiC coatings were compared. At
1350'C, the microstructures were similar; however, at higher temperatures, the
microstructure for the more concentrated source gas group were porous and columnar
in comparison to cross sections taken from the same area for the dilute source gas
group.
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THE CVD OF CERAMIC PROTECTIVE COATINGS ON SIC
MONOFILAMENTS

K. L, CHOY AND B. DERBY
Department of Materials, University of Oxford, Parks Road, Oxford, OXI 3P]-, UK

ABSTRACT

The TiB2 , TiC and TiN coatings were studied as potential protective coatings
for SiC fibre reinforced titanium alloys. These coatings were deposited by a CVD
technique on resistively heated SiC monofilament fibres at reduced pressure in a
cold wall reactor. The deposition conditions that are required to coat each of these
materials were determined. The morphology, microstructure, phase composition
and nature of the coatings were examined. The comparison and evaluation of
the effectiveness and potential of these as protective coatings were carried out by
incorporating the coated fibre into Ti-6AI-4V using the diffusion bonding
method at 1100'C under 10 MPa for 1 hour.

INTRODUCTION

The development of Ti-based composites is hindered largely due to the
interfacial reaction between SiC and Ti matrices at elevated temperatures which
leads to the formation of a brittle reaction zone consisting of titanium carbides
and titan:um silicides, which weakens the mechanical properties of the
composites [1,21. This has prompted research into the development of chemically
inert protective coatings onto SiC fibres to inhibit the fibre/matrix interaction.
The prospective coatings of interest in this study are TiB2 , TiC and TiN. These
coatings are all chemically inert.

EXPERIMENTAL

The SiC fibres used in this study were BP Sigma SiC monofilaments (-100 Pm
diameter with tungsten core). The schematic diagram and general operation of
the CVD apparatus used for the deposition has been described elsewhere [3]. A
SiC monofilament was drawn into a cold wall reactor. Subsequently it was
heated to the deposition temperature. Then a gaseous mixture of the reactants
was fed into the reactor, these underwent reactions and deposited the coatings
onto the SiC substrate. The reactants and deposition reaction used for the
deposition of TiB2, TiC and TiN, were as follows:

TiCl4 (g) + 2BC13(g) + 5 1-2(g) H TiB2(s) + IOHCI (g)
TiCI4(g) + CH4(g) - TiC (s) + 4HCI (g)

2TiCl4(g) + N2(g) + 4 H2(g) -op2TiN (s) + 8HC1 (g)

The coating process variables chosen were substrate temperature, deposition
pressure and input gas ratio. The experimental parameters were systematically
varied to investigate the effect of these parameters on the surface morphology,
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deposition rates and microstructures of the coatings. Table I summarizes the
chemical vapour deposition conditions for different types of coatings.The coated
fibres were characterized by optical microscope, SEM, TEM, X-ray diffraction and
chemical analysis.

Table 1, The chemical vapour deposition conditions for different types of coating;
Coating Temperature Pressure Flow rate(cm 3min-1)

(0C) kPa TiCl4  BC13  Cl-14  N 2  112

TiB2  1050-1450 6-23 24-216 72-192 300
TiC 1000-1350 8-25 30-60 - 30-18) 0-450
TiN 950-1050 10-25 30-60 - 200-40q 200-600

The efficiency of the depositions as protective coatings to inhibit the fibre-
matrix interfacial reaction were evaluated by incorporating these coated SiC fibres
between two sheets of Ti-6AI-4V foils and diffusion bonding under 10 MPa at
1100'C for 1 hour. Thicker coatings -6pm were used in this evaluation. The
bonded specimens were sectioned, mounted and polished, and then were
examined using SEM, and EPMA to investigate the composition of the fibre-
coating-matrix interface.

RESULTS AND DISCUSSION

TiB_ Coating

Dense and adherent TiB 2 coatings can be deposited under the above
conditions. A detailed study of TiB 2 coatings has been published elsewhere [3) and
a summary of our findings is presented here. The typical cr,•-ss section of the
coated fibre is shown in Fig.i. No crack or spalling of the coatings was observed.
The fibre fracture surface , Fig. 2 revealed that the adherence of the TiB 2 coating
was good so that even when the fibre was deliberately fractured, the SiC substrate
was delaminated together with the TiB 2 coating, and the original surface of the
SiC fibre which consists of uniform columnar grains was destroyed. X-ray
diffraction analysis showed that the dominant phase that deposited in this range
of deposition conditions was TiB2. The other thermodynamically possible phases
such as B or TiB, were not detected by the X-ray analysis. The FPMA showed a
c -nstant titanium to boron ratio across the coating thickness for the TiB 2 coatings
deposited at BCI3 : TiC14 = I : 1 - 3 : 1. The TEM micrograph showed that there

Fig. 1 The typical cross section of the Fig.2 The fractured surface of the
TiB 2 coated SiC fibre. TiB 2 Coated SiC fibre.
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Fig.3 TEM micrograph of the TiB 2 /SiC Fig. 4 SEM of the TiB2 deposited at
microstructure. 11000C, 15kPa and TiC14 : BC13=1:3.

was no interfacial reaction between the TiB2 coating and SiC substrates (Fig.3).
The surface morphology of the coatings was very sensitive to the deposition
temperature. At low temperatures, fine-grained polycrystals were deposited,
however, at high temperatures larger faceted grains were obtained. The
deposition rate increases with the increase of temperature. The transition from
chemical kinetic limiting to mass transport limiting for TiB2 deposition occurs at
-1350'C. The chemical kinetic limiting mechanism has an activation energy of
144 kj/mol. The deposition rate also increases as the pressure increases. As the
TiCI 4 : BC13 input gas ratio increases, the nucleation rate increases, however the
growth rate is slow, resulting in a low deposition rate. This is due to the fact that
in the reactor, the local equilibrium of TiCI4 and its subchlorides and HCI may
easily establish in a homogeneous gas reaction as follows 14] :

TiCl4 + 1/2 H2 - TiCI3 + HCI
TiCI4 + H 2  - p TiCI2 + 2HCI
TiCI4 + 3/2H2 - p TiCI + 3HCI

The HCI has been reported as having retarding effects in the TiN and TiC
syste.- 14,5]. Therefore, it is expected that this HCI also exhibits the same retarding
effects in the deposition of TiB 2 which reduces the growth rate and hence the
deposition rate. In the range of study, TiB 2 coatings consisting of smooth surfaces
can be obtained at lower temperatures (eg. 1100'C) and higher pressures (15 kPa)
and TiCI4 : BCI3 = 1 : 3 (Fig. 4).

TiC Coating

The deposited coatings were identified by X-ray diffraction analysis to be
TiC. Other phases such as Ti, Ti 2C and TiC2 were not detected- The temperature
has a strong effect on the morphology of the deposited TiC coatings. Fig.5 shows
that fine grains were deposited at lower temperatures, and coarser and larger
faceted crystals at higher temperatures. For the coating deposited at 1200'C or
higher, small grains were observed near the substrate with a transition to a
columnar structure with the increase of grain size (Fig. 6). However, a similar
observation was not apparent in thin coatings that were deposited at 11350'C or
lower. Cracks were easily observed in TiC coatings that were deposited at high
temperature, above 1200'C (Fig.5c). Similar cracks were not detected in coating
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Fig. 5 Scanning electron micrograph ot
the surface morphology of the surface
morphology of the TiC coatings
deposited at pressure 15 kPa, flow rates
(cm3 /min) : CH 4 , 75; TiCI4 , 30; H2 , 300
and deposition temperatures at
(a) 1000°C (b) 11501C (c) 1250°C.

Fig. 6 Typical fracture surface of the
TiC coating deposited above 12000C,
which revealed the transition from
small grains near the substrate to a
columnar structure.

deposited at 11500C or lower. From SEM micrographs, it can be concluded that
the cracking mode of the coating is intragranular. This may be due to the large
difference in the thermal expansion co-efficient between TiC and SiC, resulting
in the coating cracking readily under thermal shock during cooling. In general
the adherence of TiC coatings on SiC monofilament fibres is poorer compared to
TiB2 coatings. This is evident from the inability of TiC to withstand external force
which causes delamination and fracture of the coatings. This effect is more
pronounced in the coatings deposited at high temperatures. This is clearly seen
in Fig. 7a which shows the fractured end of the TiC coating deposited at 1300°C
More cracks were generated and migrated along the fracture end, and the
coatings at the fracture end spalled (chipped) off severely. However, coatings that
were deposited at lower temperatures were more resistant to external force. Fig.
7b shows the fracture end of the TiC coated fibres deposited at 1000'C. The lower
the deposition temperature, the fewer cracks were generated and the coatings
were not so easily spalled off. From the Arrehenius plot, it was obvious that
more than one mechanism operated. The transition from chemical kinetics
limiting to mass transport limiting is at -1250'C. The activation energy for the
chemical kinetics limited mechanism was found to be -178 kJ/mol, which is very
different from the reported activation energy of pyroltic graphite deposition
from methane which is 431kJ/mol (103 kcal/mol) [6]. Therefore within the
surface-reaction kinetics controlled region, it is more likely that the adsorption
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a

Fig. 7 SEM of the fracture end of the TiC deposited at (a) 13000C (b) 1000oC.

and desorption of the reactant and the product gases rather than the dissociation
of the carbon from the hyrocarbon molecules is the rate-controlling step. As the
concentration of methane increases, finer grains were deposited.

However the TiC coatings had an excess of carbon. An equal input ratio of
methane to TiCI4 produced larger crystals but with a more stoichiometric TiC
coating. An increase in the CH 4 concentration also increases the deposition rate,
however the deposition rate decreases as the TiCI4 concentration increases. This
may be the same as the effect of TiC14 on the deposition of TiB2 that was discussed
above. As the pressure increases, finer and less faceted grains were deposited.
The effects of pressure on TiC deposition seems to be similar to that of the TiB2,
therefore can be explained by the same mechanism as discussed earlier in [3]. The
increase in pressure also caused the deposition rate to increase.

TiN Coating

Fig. 8 Scanning electron micrograph of
a typical TiN coated SiC fibre which
revealed severe cracking and spalling
of the coating.

The typical TiN coating on SiC monofilament is as shown in Fig. 8 where
severe cracking and spalling occurs during handling. Variation in the deposition
condition and thickness of the coating have no effect on the improvement of the
adherence of the coating. This may be due to the large thermal expansion
coefficient between the coating and SiC. Therefore it is expected that TiN would
not provide effective protection for SiC fibres in Ti matrix. As a result, the
reinforcement of TiN coated SiC was not carried out.
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Evaluation of the effectiveness as protective Coating

TiB 2 coating is stable with the SiC fibre and has effectively inhibited the
deleterious interfacial reaction between SiC and Ti-alloy matrix [71. However, if
the TiB2 was deposited under high BC13 : TiC14 condition, the codeposition of B
occurs that leads to the formation of needle like TiB adjacent to TiB 2 coating in
the Ti-alloy matrix.

TiC coating was found to react with SiC fibres under the diffusion bonding
conditions used [8]. Si from the SiC fibres diffuses into TiC coating and possibly
forms a Ti-Si-C and/or titanium silicide compounds, this requires further
analysis of its composition. However, no significant reaction between the TiC
and the Ti-alloy was observed. Konitzer et al [9] have reported a very limited
interaction between the TiC particulate and the Ti-6AI-4V matrix even after heat
treatment of 50 hours at 1050'C. Although TiC coating cannot completely
eliminate the deleterious interfacial reactions, it helps to retard the 6 mim
reaction layer that forms when uncoated SiC fibre reinforced with Ti-6AI-4V is
subjected to the same composite fabrication condition.

CONCLUSIONS

A dense and uniform TB2 coating can be deposited successfully on SiC fibres
by the CVD technique. The presence of this coating has effectively inhibited the
SiC fibre/Ti-6A1-4V interfacial reaction. The adherence of TiC on SiC fibres is
weaker compared with TiB2 coating. The TiC coating was found to react with SiC
fibres. However, there was no apparent interfacial reaction between TiC and Ti-
alloy matrix. TiN cannot be coated successfully onto the SiC monofilament. It
may be necessary for the presence of another thin intermediate layer, to improve
the adherence of TiN coatings on the fibre. Among these coatings, obviously,
TiB2 is the most promising protective coating for SiC fibres.
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CVD COATING OF CERAMIC MONOFILAMENTS

JASON R. GUTH
Applied Sciences, Inc., PO Box 579, Cedarville, OH 45314

ABSTRACT

In many composite systems it has become apparent that
coatings on the reinforcements are necessary to achieve high
toughness materials. In order to examine materials which may be
used as coatings on ceramic monofilaments and remain stable in
high temperature, oxidizing environments, the deposition of a
number of refractory metals has been attempted. The results of
coating experiments using silicon carbide fibers as substrates as
well as general observations concerning the prospects of
continuously coating long lengths of fibers will be discussed.
The materials studied include carbon, cobalt, zirconium,
molybdenum, tantalum, tungsten, and iridium. Carbon has been
deposited from methane and propylene onto both SiC and sapphire
fibers. Deposition of the metals has been achieved by direct
chlorination of the metals followed by hydrogen reduction at the
fiber. Iridium(III)2,4-pentanedionate has been used to deposit
iridium metal. All metals were deposited at low pressure in a hot
wall reactor with fibers continuously spooled through the reactor.

INTRODUCTION

Ceramic materials have found uses in many high temperature
structural applications. However, due to the inherent brittleness
of most ceramic materials the interest in monolithic ceramics is
being replaced by composites incorporating fibers or filaments as
reinforcements in ceramic matrices[i). In recent years it has
become evident that weak interfacial strengths are a necessary
condition to obtain a tough ceramic composite material[2,3]. To
date, the materials found to best generate such weak interfaces
are carbon and boron nitride, usually applied as a coating to the
reinforcement fibers[3-5). Both carbon and boron n.tride are
easily oxidized at fairly low temperature. Therefore, it is
desirable to find other materials or compounds which are stable in
oxidizing environments to above 1000*C, easily applied to fibers
or filaments, and lead to a sufficiently weak interface for
composite toughening. The purpose of this work is to investigate
these first two issues and feed experiments aimed at defining the
third.

The systems chosen to investigate the issues mentioned above
consist of SiC (Textron SCSO) and single crystal sapphire
(Saphikon) ceramic monofilaments and glass or ceramic matrices.
In general, the composites consist of unidirectionally aligned
filaments in a matrix densified by hot pressing. To apply
coatings to the fibers before consolidation into composites,
chemical vapor deposition (CVD) was chosen. The advantages of the
CVD method include the wide range of elements and compounds that
can be deposited, uniform surface coating that is not line-of-
sight, and the high purity of deposited materials[5]. The fibers
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of interest are received and coated as single, long filaments
which can be wound on spools and laid-up into tapes for composite
fabrication.

EXPERIMENTAL

The CVD system, built specifically for coating fibers[6), is
a hot wall system consisting of a 20(ID)X25(OD) mm fused silica
tube in a 18 in (46 cm) vertical platinum wire wound furnace. The
tube is contained by vacuum fittings between two boxes which house
the fiber supply and take-up spools. Gases are metered using
electronic mass flow controllers and may be introduced in the tube
either at the top or bottom. A rotary vane vacuum pump in
combination with a capacitance manometer, solenoid valve, and
feedback controller are used to evacuate the system and to operate
at reduced pressures. Metal chlorides are generated by passing
chlorine gas over the heated metal in a side arm of the fiber
coating muffle tube. Alternatively, metal chlorides or
organometallic compounds may be contained in this side arm,
sublimed, and carried into the muffle tube with argon or hydrogen
carrier gas. Exhaust from the pump is passed through a scrubber
and through a hydrogen burner before being exhausted. The entire
apparatus, except for the electronic controllers, is housed under
a fume hood surrounded by a flexible vinyl curtain. The furnace
with metal chlorination process tube in place, spool boxes, and
gas flow equipment and plumbing are shown assembled in Figure 1.

The fibers are held and wound onto 8" (20.3cm) plastic spools
contained in vacuum tight stainless steel boxes with polycarbonate
windows. The fiber is pulled through the reactor by rotating the
bottom spool with a variable speed DC motor coupled by a vacuum
tight rotary feedthrough. While turning, the spool is made to

Figure 1.
Photograph of the assembled
CVD fiber coating apparatus.



I

265

move laterally to avoid winding the fiber on itself and damaging
the coating. The only tension applied to the fiber is by the
action of two brushes acting on the supply spool to prevent free
rotation and uncontrolled payout of the fiber.

In order to prevent coatings on the fiber outside of the
furnace hot zone and the flux of corrosive gases into the spool
boxes, shield tubes cover the fiber from the boxes to
approximately 5 cm into the furnace. Fused silica tubes with 2-5
mm ID are held by teflon retaining rings within the vacuum flange
joint between the fiber spool boxes and the process tube fitting.
Argon gas flows into the boxes and out the shield tubes to remove
coating gases from these areas.

Carbon coatings have been obtained at 900-1100'C with
propylene flows of 5-20 sccm and Ar flows of 95-200 sccm. Carbon
has also been obtained at 1100-1300°C with 1-4% methane in argon
with total flow rates of 200-600 sccm. Metallic coatings have
been obtained by passing chlorine over heated metal followed by
subsequent hydrogen reduction at the fiber surface. Typical
conditions are 5 sccm Cl2 plus 5 sccm Ar flowing over the metal
foil or wire at 350-5000C. Typical coating conditions are 20-30
torr (2.7-4 kPa), 800-900*C with 100 sccm H2. Iridium coatings
were obtained by passing 10 sccm Ar over iridium(III)2,4-
pentanedionate held at 240'C. The metal deposited at 8000 C and 20
torr (2.7kPa) with 150 sccm H2 . In most cases the fiber is pulled
at 2-4 cm/min and 50 sccm Ar flows into each spool box.

Coatings were examined by SEM after cutting or breaking the
fiber to reveal a step in the coating. Coatings removed from the
inside of the process tube were analyzed by XPS and X-Ray
diffraction. Fibers were also analyzed before and after running
through the coating system under identical conditions but without
the metal, organometallic compound, or carbon gas present.

RESULTS

Carbon coatings have been applied to both SiC and sapphire
fibers. Generally it is difficult to obtain smooth carbon films
on either fiber. In attempting to increase the deposition rate,
most often a sooty deposit, probably caused by homogeneous gas
phase nucleation, is obtained. This is shown in Figure 2 on both
SiC and sapphire fibers. The sapphire fiber has been coated
twice. Once with a thin smooth layer and subsequently with a
thicker, rougher, less dense layer. The existence of the first
thin coating does not influence the morphology of the second
coating. Figure 3 shows smooth coatings on both types of fiber.
Both coatings duplicate the surface morphology of the fiber. In
Figure 3b the coating has been removed from the sapphire fiber.
Typically, any dense carbon coating greater than 0.5-0.75 micron
will easily spall off of the sapphire fiber. If the linear speed
of the fiber is too great, the coating can be seen spalling off as
the coated fiber exits the reactor and cools.

Metallic coatings have been obtained by direct chlorination
of Co, Mo, Ta, W, and Zr. Although these metals may not have the
desired high temperature oxidation resistance, this method was
chosen to allow for codting a variety of metals with one simple
piece of equipment and to avoid the problems associated with
storing and disposing of a large number of metal compounds. One
common problem experienced in the coating of SiC fibers is
nucleation. Figure 4a shows Mo on SiC. The wide separation of
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Figure 2. SEM micrographs of rough carbon coatings on a) SiC and
b) sapphire fibers.

150hm 50 '

Figure 3. SEM micrographs of smooth carbon coatings on a) SiC and
b) sapphire fibers. In b) the fiber has been removed.

the nucleation sites requires that a coating be relatively thick
before it will be 7ontinuous. Figure 4b shows a thicker Mo based
multilayer coating. Analysis of the coating reveals Mo closest to
the fiber surface followed by molybdenum oxide. It is
undetermined whether the oxide is a result of an air leak into the
reactor or of a reaction of MoCls which condensed on the fiber then
oxidized after exposure to air. Figure 5 shows a uniform, thick
coating of Zr on SiC fiber. Since iridium does not react or form
a stable chloride, the acetylacetylate was used as a source.
Figure 6 shows a multiphase coating from this reagent on SiC
fiber. The phases found are Ir closest to the fiber followed by
carbon. While carbon has been shown to contaminate Ir deposited
from this source in previous work [7], this two phase deposit has
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Figure 4. Mo coatings on SiC fiber.

Fig. 5. Zr on SiC fiber. Fig. 6. Ir on SiC fiber.

not been reported. In contrast to other CVD reactors, the
substrate in fiber coating reactors experiences a wider variety of
gas phase compositions. It is proposed that the organometallic
decomposes to deposit the metal and, subsequently, downstream the
ligand decomposes to deposit carbon.

DISCUSSION~

The results of this research point out two major concerns for
continuously coating filaments. These are deposition rate and
deposit morphology. In addition, these two phenomenon are
interrelated. In many cases attempting to increase the deposition
rate adversely affects the deposit quality. The deposition on
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polycrystalline fibers, such as the SCSO SiC fiber, appears to be
partially controlled by surface nucleation. The density of
nucleation sites may in some cases determine the structure of the
coating and also the minimum thickness coating that will be
continuous over the surface of the fiber. This is particularly
evident in the early stages of growth of a Mo film as shown in
Figure 4. Thicker films of the other metals studied generally
tend to show a structure that would develop from nucleation such
as observed in Figure 4. A similar structure has been observed
(8] upon annealing sputtered Pt thin films on Sic where an
initially uniform thin film is shown to aggregate into islands.

Several points may be made concerning the viability of
coating continuous filaments by chemical vapor deposition.
Surface chemistry in metal-SiC systems; such as nucleation,
wetting, and surface diffusion; play a very important role in
determining coating morphology. Attempting to increase the
deposition rate in order to coat longer lengths of fiber quicker
may lead to poor quality coatings as observed with carbon
coatings. While longer furnace lengths may seem attractive to
increase the overall coating rate, other problems may develop.
These include unwanted reactions such as etching of the fiber by
reaction byproducts (HCI, HF) and deposition of second phases
(carbon from organic ligands, condensation of metal compounds).
Other important points concerning continuous production include
the density and strength of metal films, the adherence of
coatings, and the difference in thermal expansion between coating
and fiber.

REFERENCES

1. T. Mah, M.G. Mendiratta, A.P. Katz, and K.S. Mazdiyasni,
Ceram. Bull. 66, 304 (1987).

2. R.J. Kerans, R.S. Hay, N.J. Pagano, and T.A. Parthasarathy,
Ceram. Bull. 68, 429 (1989).

3. R.A. Lovden and K.L. More in Interfaces in Composites, edited
by C.G. Pantano and E.J.H. Chen (Mater. Res. Soc. Proc. 170,
Pittsburgh, PA 1990) pp.205-214.

4. N.D. Corbin, C.A. Rossetti, Jr., and S.D. Hartline, Ceram.
Eng. Sci. Proc. 2, 958 (1986).

5. R.N. Singh and A.R. Gaddapati, J. Am. Chem. Soc. 71, C-1O0
(1988).

6. J.R. Guth, Wright Laboratories Technical Report, in press.

7. J.T. Harding, V. Fry, R.H. Tuffias, and R.B. Kaplan, AFRPL
TR-86-099, 1986. (AD-AI78337)

8. V.M. Bermudez and R. Kaplan, J. Mater. Res. 5, 2882 (1990).

This resez'rch was supported by WL/ML urder co'iracts F33615-88-C-
5402 and F33615-89-C-5604 at Wriglt-Pattrc•a AFB, OH.



270

I Graphite Susceptor Enclosing
Deposition Chamber

2, Graphite felt Thermal
i "[ Insulation

. I "3. Induction Heating Coil

• L- 4, Iwo-Gas Injector

5. Gas Deflector

6, Sight Hole for Optical
Pyrometry

, 7. Exhaust to Vacuum Pumps

8. Vacuum Covers for Yarn Feed. and Collection Apparatus

•ct .9. Yarn Feed Spool

10. leflorfPulleys

I 11. Yarn Tension Indicator

12. Reversing Actuator
- 3. Yarn Collecting Spool

14. Motor Drive for Yarn
Collecting Spool

S15. Motor Drive for Reversing
Actuator

Figure 1. Arrangement for Continuous Yarn Coating in Pilot Plant CVD Furnace.

A typical yarn coating experiment was carried out as follows. A
500 meter spool of Nicalon was wound onto the graphite feed spool and strung
through the furnace and attached to the collection spool. A short length of
yarn was motor driven through the furnace to make sure that the equipment
was wo-king properly. The plexiglass covers were then installed, the system
pumped down, and then induction heated to the desired coating temperature.
After running the yarn for a few minutes to obtain a vacuum heat-treated
reference sample, the reactant gases (NH3 and BC1 3 ) were fed through the
injector to start the PBN depusition; and the yarn speed was adjustpd to
obtain the desired coating th'ckness. Usually, near the end of the run, the
gases were shut off so that a second vacuum-heat treated sample could be
obtained for comparison with the coated yarn.

The coated yarns were characterized by weight per unit length, tensile
strength dnd modulus, scanning electron microscopy (SEM). and scanning Auger
microscopy (SAM). The coating thickness was estimated from the yarn weight
increase per unit length by assuming a density of 1.40 g/cc for PBN grown at
1100%C and assuming that all of the filaments in the yarn were coated equally.
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RESULTS AND DISCUSSION

Examples of PON coating conditions and some properties of PBN coated
Nicalon NL 202 yarn are given in Table 1. Deposition temperature was varied
from 1075 -1200*C, pressures were 40-80 microns of HG, and yarn speeds were
13-61 cm/minute. A 60 cm/minute speed corresponds to about 30 seconds of
residence time in the deposition chamber. Coating 9129 was made using
additional pulleys which allowed three yarn passes through the deposition
zone, thus increasing the residence time by a factor of three.

Table I

PON coaiting 0conitions and4 Properties of Co.~ted kiclon Ni. 202 Yarn~

PON Ccoatvn4 Taro Yarn'
U3n~i~n tion Deposition Yarn I ne Mr

0 1  
App-ooinmate IC0.1iC, 7-:!

Temp. Pressure NH3/BC13  Speed From1 Yarn, N/N Ratio Strengthl 'odikht,

-mpl,Ie c P fig Ratio cm/mm Wat. incre.,ae From, W8 in coating 1,11a GPA

90?8 1015 .15 3-b 61 0.15 0 1 1,0 2360 Z162
9110 1080 40 3A 59 0.1 0,) to 2190 210
9129 1000 55 2.9 59. 0.4 0.3 1.3-2.4 2430 2;0
9035 1100 4? 3.3 )3 0.) 0.) 1 -. 2240 .1,12

9032 1200 00 3.5 61 0.3 0.15 1.0-1-4 1U93 -1"j

Thr-ee yarn passes through h'n~. All others one pass.
NM -Not Measured
Tensile strength and mocdulus of as-rece,-ed Nicalon. Ni. 202 wree 2430 2110 m~a And 193-200 lipa. respmectively
Tensile strength of Nlicalon ML. Z02 heated to 1000-1100% for one minute at 0.5 lorr argon Was -2000 Ipaý

The average P8N coating thicknesses as calculated from yarn weight gain
were in good agreement with thicknesses determined by scanning Auger
microscopy. Typical SAM composition depth profiles for a thin PON coating
(9028) and a thick coating (9035) are shown in Figures 2 and 3. The SAM
results showed that the PON coatings were either stoichiometric in boron arnd
nitrogen or they were boron-rich, and the composition was affected by the
NH3/BCl3 ratio in the reactant gases. Results suggest that a
NH3/BC1 3 ratio of at least 3.5 is needed to obtain a stoichiometric PON
coating. Significant quantities of oxygen and carbon were found in the
coatings. Some of the oxygen and carbon may be diffusing out of the Nicalon
during the coating process. Increased oxygen near the surface of the
coating may be due to reaction of the PBN with atmospheric moisture(5].

SAM and SEM results showed that the PON coating thickness was fairly
unifrrm along the length of the Nicalon yarn and from filament to filament
with the yarn bundle but more variable around the circumference of each
filament. Filament-to filament coating-thickness variation was much greater
in P8N coated Nicalon cloth, For example, in a sample of Nicalon cloth
coated at 10800C and 200 microns Hg for four minutes. the outermost filaments
in the fiber bundle received a PON coating which was 0.7 micron thick while
the innermost filaments were coated with only about 0.1 micron of PON,

The strand tensile strength of the Nica ion yarn which was PON coated at
1075-11001C was within the range of values for the as received Nicalon.
showing that the PBN coating conditions caused little or no degradation of
the Nicalon. In contrast, the tensile strength of Nicalon NL 202 which was
heated to 1000-1100*C in low-pressure argon was 20% less than that of the
as-received Nicalon. Coating the Nicalon at 1200*C reduced the strength by
about 50%,
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Figure 2. Scanning Auger Composition Depth Profile for PBN Coated
Nicalon NL 202 Sample 9028.
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Figure 3. Scanning Auger Composition Depth Profile for PBN Coated
Nicalon NL 202 Sample 9035.
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The Nicalon NL 202 yarn with 0.1-0.2 microns of PBN coating (such as
samples 9028 and 9110) were woven into plain- and harness-weave cloth, and
the cloth pieces were sewn into thermal insulation panels for evaluation at
high temperatures in an aerodynamic environmentt2]. Although the PBN--coated
Nicalon was easier to handle than heat-cleaned (air oxidized to remove the
polyvinyl acetate sizing) or vacuum-heat-treated Nicalon, the PBN coating
was not entirely satisfactory as a high-temperature sizing. To control
loose filaments in the sewing and weaving operations, it was necessary to
cross- wrap the Nicalon with 30-denier rayon, which is later removed by
oxidation after the panels are fabricated. The PBN-coated Nicalon was not
affected by air oxidation at 800°C, but substantial degradation occurred
after air oxidation at 1000°C.

A lithium aluminosilicate (LAS) matrix composite was made using the
thickly coated fibers from Sample 9035, and it yielded a relatively good
flexural strength of 320 MPa. Results with thinner PBN coatings were poorer
so it appears that a coating thickness of at least 0.5 micron is needed to
prevent matrix/coating/fiber interactions. A barium magnesium alumino
silicate (BMAS) matrix composite made using Nicalon coated with 0.7 micron
of PBN yielded a flexural strength of 450 MPa at room temperature and
320 MPa at 1100°C.

A few trials were made in which carbon yarn was coated with PBN. In one
set of experiments, Thornel T40R carbon yarn (3,000 filaments of average
diameter about 6.5 microns) was coated with PBN at 1200°C. 1400°C, and
1680C. Details of the coating conditions and results are given in Table 11.
The calculated average coating thicknesses, based on assumed densities for
the PBN coatings, ranged from 0.15 microns for the 1200°C coating to 0.25
microns for the 1680%C coating. SEM showed that the PBN coatings on the
Thornel T40R were less uniform than those on the 500-filament 15 micron
diameter Nicalon NL 202 yarn.

Table 1I

PBN Coating Conditions of Oxidation Rate of
PBN-Coated Carbon Yarn Type Thornel T40R

Deposition Deposition Coating Oxidation Rate Oxidation
Temp. Pressure Thickness in Dry Air at 600'C Inhibitor

Sample °C I, Hg Microns 0.5% Burn Off Minl Factor

9025 1200 50 0.15 1.49 x 10 4 25
9026A 1400 100 0.2 1.34 x 104 28
902o8 1680 200 0.25 1.32 x 10 4 28

Oxidation rates for bare Thornel T40R = 3175 x 10-3 Min 
1

Oxidation tests were performed on the PBN-coated 140R yarn at 600'C in
dry air at 0-5% burn off The PBN coatings reduced the oxidation rate to
about 4% of that of the untrea&ed carbon yarn. The inhibition factor for the
1200C PBN coating is almost as large as that for the 1400%C and 1680'C
coatings.
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CONCLUSIONS

Modification of an existing CVD furnace has made available a pilot-plant
sized facility for continuous coating of ceramic yarns by CVD. Coatings at
very low pressure are possible because all of the coating apparatus, including
the yarn feeding and collecting equipment, is under vacuum. With a single
yarn pass through the furnace, Nicalon NL 202 yarn can be coated with
0.1-0.2 microns of BN at a yarn speed of 60 cm/minute so that a 500 meter
spool of Nicalon can be coated in about 14 hours. Coating capacity was
tripled by adding pulleys to permit three yarn passes through the furnace.
Further capacity increases can be obtained by using three feed and collection
systems of the type shown in Figure I and by altering gas flow patterns and
deposition chamber design to increase the deposition rates.

The continuous CVO facility yields fairly uniform coatings of PBN on
500-filament, 15-micron diameter Nicalon NL 202 yarn, but coatings on
3,000-filament, 6.5 micron diameter Thornel T40R carbon yarn are less uniform
than desired. Method for enhancing filament separation during CVO coating
are being explored.

PBN coatings 0.1-0.? microns thick can be deposited on Nicalon NL 202
yarn at l000-1100°C with little or no loss of strength. Coatings
0.1-0.2 microns thick may enhance the performance of Nicalon in a high
temperature aerodynamic environment, but coatings 0.5 micron thick or more
are needed for good performance of the Nicalon in ceramic composites.

Many different kinds of CVD coatings can be applied to ceramic yarns
using the facility described here, and some will be explored depending on
interest and time available. Wide ranges of deposition temperature and
pressure are possible, limited by only thp stability of the ceramic yarns and
by the thermodynamics and kinetics of Lne CVD processes.
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ABSTRACT

The stability of BN thin film coatings (2-5 nm thick) on MgO and TiO2 substrates
was investigated using transmission electron microscopy (TEM). The samples were
heated in air for at least 16 hours at temperatures ranging from 773 K - 1273 K. On
MgO supports, the BN thin film coating was lost by 1073 K due to a solid state reaction
with the substrate leading to formation of Mg2B2OS. No such reaction occurred with
the Ti02 substrate and the BN was stable even at 1273 K. However, the coating
appeared to ball up and phase segregate into islands of near-graphitic BN and clumps
of TiO2 (rutile). The oxidizing treatment appears to promote the transformation from
turbostratic BN to graphitic BN.

INTRODUCTION

Boron nitride thin coatings have attracted a great deal of interest for modifying the
interface in fiber-reinforced composites to improve fiber pullout and prevent interfacial
reaction [1]. The high temperature oxidation stability of boron nitride may provide
distinct advantages over graphite despite the higher cost. However, there is no
definitive data in the literature on the oxidation resis tance of thin films of BN. Bulk BN
powders have been reported to oxidize at 1073 K following parabolic oxidation kinetics
[2]. The extent of oxidation was monitored in this particular study by following
changes in weight as the sample was progressively oxidized. Lavrenko et al. (3]
reported that the oxidation resistance of BN powders was greatly influenced by sample
pretreatment, for example the extent of annealing in N2. They found that oxidation of
pyrolytic BN occurred at negligible rates at 1173 K. However, measurable weight
losses were detected in TGA measurements at 1373 K, and quite rapid oxidation
occurred at 1473 K. Significant oxidation of the graphitic BN did not occur at
temperatures below 1223 K. Interestingly, they observed a weight loss with oxidation
time ior the pyrolytic BN but an increase in weight for graphitic (more ordered) BN,
This they attributed to differences in porosity of the sample: pyrolytic powders, being
more porous, led to loss of volatile boron oxide, which was retained in the graphitic
samples that had a denser microstructure. Borek et al. [4] studied the effect of
crystallinity and surface area of BN on its oxidation resistance. While they observed
that the high surface area, poorly crystallized samples oxidized at rates that were an
order of magnitude faster than the more crystalline samples, they concluded that if
oxidation rates were normalized to surface area, no effect of crystallinity could be
detected. All of these previous studies used TGA analysis to study oxidation behavior.

Mat. Res.. Soc. Symp. Proc. Vol. 250, 1992 Materials Research Society
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The implicit assumption was that oxidation of BN would lead to a change in sample
weight as the N was replaced by 0 to form B203. This would cause an increase in
sample weight until the volatilization temperature of B203 was reached, at which point
the weight would start declining. This method is quite suitable for the study of bulk
samples, but is not very sensitive when the oxidation behavior of thin films of BN is
being investigated. We have therefore chosen to use transmission electron
microscopy (TEM) to study transformations in the BN as it is progressively oxidized at
higher temperatures.

EXPERIMENTAL

The samples were prepared by grinding together equal weights of a BN
polymeric precursor with the oxide substrates: MgO or T102 powder. The oxide
powders we used had controlled morphology particles which facilitated detection of
thin film coatings without any sample preparation, as described previously [5]. The
preparation of BN polymeric precursors involves crosslinking of functionalized
borazenes using N-containing molecules such as trimethy)disilazane. Further details
are provided elsewhere [6]. The samples were first pyrolyzed in flowing N2 at 1473 K
to allow the BN to spread on the oxide surface and form a coating of turbostratic BN
that was 2-4 nm thick. The BN-coated samples were then heated in air for at least 16
hours at temperatures ranging from 773 K - 1273 K.

RESULTS

In a previous study [7j we found that BN films only a few nm thick on MgO
substrates were stable to air oxidation overnight at 973 K. Fig. 1 shows a micrograph
of BN on MgO smoke particles after the initial pyrolysis in N2 at 1473 K. When this
sample was heated in air at 873 K (fig. 2a) there was no change in the BN coating.
However, when heated at 1073 K the BN appeared to react with the MgO to form
Mg2B205. Fig. 2b shows that the substrate has now transformed to Mg2B205 (as
identified by its lattice spacings) and an amorphous surface layer is left behind. This
solid state reaction occurred over the entire sample and caused the MgO cubic
particles to change shape completely, forming elongated grains of the magnesium
orthoborate phase. However, in some areas of this sample we observed a few
patches of the BN film which were still intact after the oxidizing treatment. Therefore,
it was not clear in those experiments whether the loss of BN was aided by the
availability of a reactive substrate. We have now compared the oxidation behavior of
BN on MgO substrates with that on T102 substrates. We found that the TiO2 proved to
be an unreactive substrate, and there was no evidence for loss of BN coatings at
temperatures where the Mg2B205 had formed. Fig. 3 shows a micrograph of the
BN/TiO2 after pyrolysis in N2 at 1473 K. When this sample was subsequently heated
in air at 1273 K, we found that the BN coating had phase segregated into large grains
of mesographitic BN and clumps of TiO2 (rutile). Figs 4a and b show the morphology
of the T102 and BN respectively after the 1273 K calcination in air. The grains of BN
are quite thin and tend to lie flat on the carbon film support. It appears that the
oxidizing treatment actually promotes the crystailization of the BN, with the structure
changing from turbostratic to graphitic.
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Figure 2. (a) BN coating on MgO after heat treatment at 873 K in air;

(b) BN coating on MgO after heat treatment at 1073 K in air

L i



278

Figure 3. BN coating on TiO2 surface

* 12uflm

Figure 4, (a) TIN coating on TiO2 aftc- heat treatment at 1273 K in air;

Nb TIN coating on TiO2 after hcat treatment at 1273 K in air
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CONCLUSIONS

We have shown that the loss of BN thin films under oxidizing conditions is
dependent very much on the substrate. On MgO, the BN coating is lost by 1073 K
due to a solid state reaction with the substrate, which leads to formation of Mg2B2O5.
However, on T)O2 substrates there is no such reaction, rather the BN and TiO2 tend to
phase segregate at 1273 K. The TEM results show that the BN is able to survive even
an overnight calcination at 1273 K in air, and that the oxidizing treatment tends to favor
sintering of the BN into larger grains. The degree of ordering of the turbostratic BN
also improves with the oxidizing treatment leading to a structure that is closer to
graphitic BN. The work presented here demonstrates that the interaction with specific
substrates should be investigated in order to establish stability limits for 13N thin films
under oxidizing conditions. Furthermore, treatment under oxidizing conditions should
be used if more ordered, graphitic BN is desired.
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ABSTRACT

The use of cyclic organometallic molecules as single-source MOck'I
precursors is illustrated by means of examples taken from our recent work on

SiC and AIN deposition, with particular focus on SiC. Molecules containing
(SiC) 2 and (AIN) 3 rings as the "core structure" were employed as the source

materials for these studies. The organoaluminusi amide, [Me 2 AlINH 2 ] 3 , waS

used as the AIN source and has been studied in a molecular beam sampling

apparatus in order to determine the gas phase species present in a hot-wall
CUD reactor environment. In the case of SiC CVD, a series of

disilacyclobutanes, [Si(XX')CH2 ] 2 (with X and X' = H, C"3, and CH2Sil2CH3)

were examined in a cold-wall, hot-stage CVD reactor in order to compare
their relative reactivities and prospective utility as single-source CVD
precursors. The parent compound, disilacyclobutane, [SiH2 CH 2 l 2 ' was found

to exhibit the lowest deposition temperature (ca. 670 °C) and to yield the
highest purity SiC films. This precursor gave a highly textured,
polycrystalline film on the Si(i00) substr-, (70% with a SiC<lli>
orientation).

INTRODUCTION

The use of single-source precursors for MOCVD of refractory materials

such as AIN and SiC affords potential advantages in terms of controlling the
composition, deposition temperature and microstructure of the deposited

product. The need to control these factors may be particularly critical in
a CVI reactor environment, where the thermal/chemical stability of the fiber

reinforcement, or of the fiber-matrix interface, may set limits on the
processing temperature or where the use of mixed precursor sources may lead
to local variations in composition and/or microstructure [I].

The choice of organometallic molecules for use as single-source

precursors has been largely an empirical process, with few guidelil es
available relating to the relationship between molecular structure and such
factors as decomposition temperature, resulting film composition. i d
microstructure. In the case of SiC CVD, precursors such as
methyltrichlorosilane (MTS) and the methylsilanes have been employed for
wrmy years; however, temperatures well in excess of l000 C along with
added H2 are usually needed ) obtain SiC free of elemental C or Si and

significant variations in composition are often experienced as the
deposition conditions are varied [1,21. Moreover, the MCI produced as a
byproduct of the decomposition ol chlorosilanes can be corrosive to fiber

reinforcements or Si substrates [i].

The Use of Cyclic Orranometallics as Precursors to AIN and SiC

A key objective of our research efforts has heen to develop precuroors
a-nd procedures that will he effective in depositing refractory material

such as AIN and SiC in high purity at relatively low temperatures (<500 0)

Mat. Res. Soc, Symp. Pr.c, Vot, 250. 1992 Materials Research Society
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and pressures (< 10 tort) under thermal CVD conditions. Such proccd'res
would be advantageous for many applications for CVD in electronics or ir -,e
processing of structural components where the substrate, the inttrf,,
chemistry or the device structures built into the substrate may 'A'
effective limits on the processing temperature.

Another major objective of our program has been to obtain a detailed
understanding of selected thermal CVD processes and, through this
understanding, to develop precursor structure/function relationships
will be useful in the design of new precursor systems. In this context. we
have selected two particular systems for detailed study, leading to 1he
production of AIN and SiC thin films, respectively. In both cases
selected precursor systems are cyclic compounds which prov.ide all of ".e
required elements of the product thin film in the form of a vola ilc
molecular entity of the type, [A(XX')B(YY')1n (where A. B - Al, N; or Si, C1

X,X' Y,Y' - H, CH3 CH2 SiH2 CH3 etc. and n - 2 and 3). Our prior studies

have provided ample evidence for the efficacy of such cyclic species as both
AIN and SiC precursors, as well as a base of fundamental information
relating to their synthesis, properties and pyrolysis chemistry [31. As .
class of molecular species, such cyclic compounds often afford higher
volatilities compared to analogous acyclic compounds, perhaps due to their
mo-i compact molecular structures, as well as a core structural unit th, .
can be used as a framework for attaching different substituent groups.

AIN Deposition Using Organoaluminum Amides

In the case of the cyclic organoalumiuum amides of the .
[R2 AINR' 2 1n, both dimeric (n - 2) and trimeric (n - 3) structures are '-,

depending on the nature of the R and R' groups; however, the most .-olatile
species are those with relatively simple (R, R' - Me or H.) substituents ::.

The compound [Et 2 AIN 3 13 has been studied by Gladfelter and co.o •eis a::d ý

reported to give films at quite low deposition temperatures; howev.e,
C-contamination appears to be a significant problem 15] We have examin•d ý
series of N-Me and N-H amides and have found that, of these, on. y
[Me2 AlNH 2 3 gives satisfactory results as a MOCVD precursor for AIN ]6:.

Our initial studies of this precursor were carried out in a simple
hot-wall CVD reactor and resulted in the deposition of high qualit,
polycrystalline thin films of AIN on Si and other substratr at conside,.'•
lower temperatures than had been required previously to obtain films of lhis
type [7I. The apparent resemblance between the six-member-d (AIN) 3 rings in

this precursor and those that make up the wurtzite structure of AIN providc-d
an additional stimulus for a more detailed study of the precursor-to-ceramric
conversion process in this case- However, separate studies of this
precursor system in solution, by NMR spectroscopy, revealed a rapid
equilibrium involving the dimeric and, presumably, the monomeric form of
this compound [8] and Generalized Valence Bond calculations were perfoimuýed
that indicated a planar structure and a significant stability for this
monomer [9]. Recent mass spectral studies carried out in collaboration with
.. Hudson have suggested that this trimer-dimer equilibrium extends also
the gas phase and that the active species in the CVD process mav be one of
these other forms of the [me 2 AINH. 2 )3 precursor ý 10i . We are current!"v
engaged in a detailed study of the gas phase chemistry of the [Me,,A].hll2 3

- I3

compound by using a molecular bean, mass spectrometry system to sample th,
gas phase species from a reactor held at different temperatures and
pressures Time-of-flight measurements are being carried out in this system
in order to distinguish the parent molecular species from fragments produced
in the mass spectrometer. The objective of these studies is to gain a
better understanding of the gas phase chemistry occurriny, in a hot-wll -



reactor using the jMe 2Al 2 3 copud

SiC Deposition jith Disilacyclobutanies

Our study of SiC precursors has centered on a acrie o'
disilacyclobutanes which contain the (SiC) 2 ring hbit which differ in zý

nature of the subs-ituents that are attached to this ring. The objectiv.e
here is to examine a homologous series of compounds with a common structural
core, so as to determine bow the nature of the substituent influences the
decomposition chemistry and composition/microqrructure of the product fin,
Pie choice of the disilacyclobutanes as the core structure for this tid
was motivated by the results of prior decomposition studies of organosilicorl
compounds and the supposition of significant ring strain energy stei'xdIn
the relatively smali four-memsbered (SiC) 2 ring [1l1. In comparison with *¾'ý

organoaluminum amides studied as AIN precursors, it should he noted tlii 1h
nature of the bonding and the chesnistry in these (SiC) 2 compounds ditters'

considerably, with a greater prevalence. of covalent bonding and radical
decomposition processes in the case of the urganiosilicon species.

The specific compounds chosen for study in this initial exarrinatiu. oif
substituted l,3-disilacylobutanes as SiC precursors are members of zthe
structural type,

CHi

XX'S1. SiXXI" where: X - e, X' = 1, X" ~- CHi Si!ICf C )
2 2 3

CHI 2 X Me, K X'X IIH (11)

and X, X' , X" H (III)

Preliminary results obtained for the initial compound in this setres.
Mle Si (11),u(CH2 ) 2Si(Me)CH 2Sill 2?Mel (1), along w ith i t S yn the.s is, wur e

described in earlier publications 1121. We have now prepared the
l,3-dimrethyl-l.3-disiýlacyclobutane (11), as well as the prent
I ,1-disilacyclobutane, [SiH 2CH 2 12 (I1")' and obtcZ.'ned information rrrin

their decompositio)n chemistries and their utility as SiC p recursors. TP~e
results of these studies are reported briefly herein.

EXPER.IMENTAL

Lunair-ation of Peac-ursors

l,3-Dimerhyi-1,3-dis;ilacyclobutrane was prepared as a ca. 0,h
cis/trens mixture by using a modification of the proceduic descr ibed l)by
Krnter (131. This involved the Grignard cuupiing of C~ ( 1ý13.1 C)sicll.l wiso

in [lIP fol lowed by reduc tion wit LiCiAlI 1 in 4 IF h 'urn is

on';i S tinrip of ma in ly the four- and ";i X- me mb red r i '-"j" '11Pý!,

(MC, ) lICII2]n' was puri fied by :ifsospheric pressure fat Ii ~
(ur~detr 132) giving an ove rallI yiel d of C.a. 2) 1 tI ho

3 -imebyl- ,3 hisilaycI out neproduct mixt~ure (bj. "6P-98 0G) .
(Jisi lacyclobutane was also prepared by using a isethoud described in t in

I i t rra ture [114 1, wh ic h intvolIve d the pytrolIyvs is o f I ,1 -d ircIhlIar o- -s I -
r.;) ohu tanYie va p or b)y p as s ing it. thIiro0Ughl a 4 0 0 C futirnia c e t jbec pac- i tý-kd 1

porce lain saddles. Vie. resultiant 1, .3,-tetahoo-I 3isiacclhtae

was put if led hy subl imat ion and reduced in n - u-0 with Li Al, Ha (It -c NIe

Ovc rail 117ietd( was on the order of 10%. 1 13 2
liot'h compounds were claracteriz-1e b-, II, andud Nhtt '; Pvc r-'
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as well as by mass spectrometry, and were >95% pure.

CVD Apparatus

A home-built, cold-wall, hot-stage CVD apparatus was used for theo,e
studies that was described briefly in a previous paper 112b!- The apparatus
includes a stainless steel reactor chamber which contains the heated
substrates, a bubbler loaded with the precursor, and a vacuum system
consisting of a turbomolecular pump backed by a two-stage, rotary .ace
mechanical pump. The Si(100) substrates (resistivity - 1.1 Wi ca_
phosphorus doped) were cleaved into ca. 1.4 cm X 6.5 cm rectangular
sections. Two or three of these substrates were then connected in .3 -ýeris
circuit using tungsten clips with copper leads and resistively heated, b:
using a current-limited DC power supply. The temperature is measured by
means of a thermocouple attached to one of the wafers. The thermocouple was
calibrated throughout the temperature range of interest prior to deposition
under I Torr Ar pressure by using an optical pyrometer. The operating
pressure in the reactor is monitored by a temperature-controlled capacitance
manometer and controlled during the deposition by means of an electronically
operated butterfly valve between the pumping system and the reactor chamher.

Decomposition Onset Determination

The CVD experiments using the LPCVD system described above were all
carried out using a mass flow controlled argon carrier gas (10.0 scem) while
maintaining a constant reactor pressure of 1.0 ± 0.1 Torr. The precursor
was loaded into a stainless steel bubbler while inside a N -dry box. Once

the bubbler was attached to the CVD system, the precursor was subsequentiy
freeze/thaw-degassed (backfilling with argon to remove the N28) before the

start of the CVD experiment. During each LPCVD experiment, the partial
pressure of the precursor was maintained at ca. 2.0 Tort by cooling the
bubbler with an appropriate slush bath.

For the decomposition onset determination, a quadrupole mass
spectrometer was connected to the reaction chamber downstream of the heated
wafer sections. A series of liquid N,2-cooled traps were placed in the line

leading to the mass spectrometer in order to trap out unreacted precuirsor
and condensible byproducts. While flowing the precursor continuously
through the reactor, the temperature of the Si(100) substrates was increased
incrementally, as the intensity of the m/e - 15, 16 peaks for methane and
m/e - 2 for hydrogen were monitored in the mass spectrometer. After each
temperature increase, a reading was taken at each m/c setting until a
relatively constant value was obtained. After reaching a maximum of ca. 000
°C, the substrate temperature was then decreased in intervals, taking
readings again at each temperature setting, During the long period over
which these measurements were performed (several hours), an appreciable
thickness of SiC was deposited, insuring a fresh "SIC" surface t~hroug;hout
these decomposition studies.

RESULTS AND DISCUSSION

In our initial studies of SiC MOCVD we employed a substituted
disilacyclobutane, 1,3-dimethyl-3-(methylsilyl)methyl-l,3-disilacVcIoburtane
[MeSi(H)P(C11 2 ) 2 Si(Me)Cli.,Sil 2Mel (r), that was obtained as the major volatile
product from the Grignard coupling of MeSiCI 2CH2 Cl, after reduction [12,131,

Its ease of synthesis, compared to the simpler unsubstituted and
methyl-substituted derivatives, and the observation that it gave near
stoichiometric SiC films in a hot-wall CVD) reactor environment. makes it. an
attractive choice as a CVD precursor. However, subseqjuent studies in our
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cold-wall reactor indicated that the composition of the SiC piodictx-r,,ied

considerably with the deposition conditions employed and that ter
in excess of 750 °C were needed to achieve decomposition.

Cf I""C.

3CSi 'Si 'Hi
.C. IIIt II

II .1 C,

1 C \ ,,C1I if
Si S\ St, (III)

H 'I] (I1) Il ) / si

1t It I t

Figure 1. Structures of disilacyclobutanes used in this study.

The present study set out 'o "ompare this precursor with two related
disilacyclobutanes, l,3-dimeth'I-1.l-disilacyclobutane !Si(Me)HCH 2 2 (II),

and 1,3-disilacyclobutane itself, [SIH 2C-11 2 (III). These precursors differ

in the number of hydrogen atoms attached to the Si atoms of the
disilacyclobutane ring, with 1, 2, and - H's present in (I), (I1) and (I11)
respectively. They also differ in volatility, with the vapor pressure at 250
C increasing from ca. 2 to 46 and 305 Forr from (I) to (III).

The results of the decomposition onset study for compound (I) are shown
in Figure 2, and indicate a decomposition onset for this precursor of
approximately 760 

0
C. Similar measurements were performed on both compounds

LII) and (Ill), indicating decomposition onset temperatures of 740 and 670
C, respectively. It is notable, however, that in the case of cow'pound

(III). no methane byproduct was observed, thus only the hydrogen m/c 2
peak was employed to determine the decomposition onset temperature for this
precursor.

10-11

8-'-'f
• 7+ -3_

i-A61 AE'It IAil AA2I • ~ I I

300 400 500 600 700 800 900
Temperature (0C)

Figure 2. Deposition onset determination for compound 1; closed symbols
are for measurements performed on decreasing the substrate temperature.
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Separate studies in which the substrates were held at the abohe ons• t
temperatures, but where the temperature of the substrates varied - .aly,
indicated that these decompos i t ion onset temperature :s i '-o cVn *,.;pulld

approximately to the minimum temperatures for the product ion of a fi
The next series of experiments involved depositi on for a,

period (ca. 1-2 h) at a particular temperature (ca. 7YO, Oib. 900. 1O J
1100 "C) in order to deposit at least 2 pm of the praoduct I
substrates were then removed from the reactor for eomposaitiota,.l 1 'y
Auger spectroscopy. The deposition rates in these experimr,nsts ,a ,omd a
about 0.05 to 15 gm/h and the pressure in the reactor, as in the de position
onset studies, was maintained at I Tort total pressure.

The reults indicate that the films obtained from precursors (I' a'Ad
(II) under these conditions contain excess carbon, (as much as 16 atomic e
for precursor (I) at 760 C) but that these films approach the stoirhio' crc
SiC composition at substrate temperatures of 1100 and 1000 °C. respectis.>"
(Figure 3), On the other hand, the pyrolysis of precursor (III) Fr'd"'cz
Si-rich films (ca, 6%) at the lowe-st temperature studied (700 C) .ilt
reaches the stoichiometric ratio by 800 0 .

70

0 Compound Io

0
U• 60

700 800 900 1000 1100 1200
Temperature (0 C)

Figure 3. SiC composition as a function of temperature for films
deposited by using compound I,

Powder X-ray diffraction studies were also carried out on these filbs
using a pole figure diffractometer to analyze for possible preferred
crystallite orientation. XRD patterns consistent with 9-SiC were observed
for films deposited by using all three precursors; however, in the case of
precursors (1) and (II), only the films obtained at the higher temperraturcs
(>900 °C) exhibited significant crystallinity, For precursor (111)0o01 the
other hand, even at the lowest deposition temperature studied ( k100 t) rhe
films were clearly crystalline. In this case, a pole figure resuiting fromanalysis of the film deposited at 945 °C was abtained which indicated a

";trong (70%) fiber SiC(Ill) texture.
Thus, for these three precursors, the onset of crystallinity correlates

with the composition of the product films and, as the composition approaches

1:1, increased crystallinity is evidenced. This is consistent with
expectations regarding the inability of the crystalline SiC phases to
tolerate significant variations from the 1:1 stoichiometry and the prior
observations that excess C (or Si) tends to segregate to the SiC grain
boundaries, thereby inhibiting crystallization [151. The observation of
preferred orientation of the SiC crystallites in the film obtained from
precursor (III) at 945 °C can be also be understood on the basis of prior
work, in which it was concluded that the SiC(Ill) plane would be preferred
for crystal growth because it has a surface energy minimum resulting from a
high atomic packing density 116).
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SEM and FTIR transmission studies were also carried out on the
SiC-coated Si wafer sections. The SEM studies indicated a wide variation of
surface and cross-sectional film morphologies ranging from apparently fine
grained, dense structures to rather porous deposits with elongated grains
depending on the precursor employed and the deposition temperature., 1i
general, the films were well adhered to the Si surface ond had a rough,
grainy, surface morphology. The FTIR studies showed only the e:-,,rcted 8w)
cm band characteristic of SiC with no absorption bands in either the C-I{
or Si-H stretching regions.

After completion of a series of depositions at differnt tc.perat',ires
iox each precursor, the oyproducts -- ,,,d . it t,,c main '

cold trap in the CVD apparatus were analyzed by using both G.C./FTIR and
mass spectrometry. In the case of (1) , a mixture of hydrocarbonrs and
methylsilanes were observed, including ethane, ethylene, acetylene, plus
mono-, di-. tri- and tetramethylsilane. In the case of (II), the same C2

hydrocarbons, along with methyl-, dimethyl- and trimethylsilane were
detected, but no tetramethylsilane. Both precursors also gave hydrogen and
rethane as byproducts, as indicated from the decomposition onset studies.

In contrast, the byproduct distribution obtained from precursor (IIll
was relatively sparse, with only traces of the C2 hydrocarbons along with

methyl- and dimethylsilane detected, in addition to the hydrogen noted ir-,
the deposition onset determination.

Both the gas products observed and the compositional variations in Khe
product films obtained using; these three precursors can be understood on the
basis of prior mechanistic studies of decomposition reactions of these and
related 1,3-disilacyclobutanes. i,3-Disilacyclobutanm (III) and
1, 

3
-dimethyl-1,3-disilacyclobutane (II), along with the tetramet hyl

derivative, have been studied in a stirred flow reactor by Auner an'-d
coworkers (1lb]. The results of these and other studies rlla,14,171 have
suggested that the decomposition onset temperature for thee
disilacyclobutanes varies inversely with the number of Il-atoms suhobtituted
onto the Si atoms of the rings, with the parent dis ilacyc lohutane
decomposing at the lowest temperature, This presumably relates to the
tendency of these H-substituted disilacylobutanes to form reactive silliene.s
(:SiRR' spec;ies) by 1,1-Hl2 elimination or 1,Z Si-to-C H-transfer reactions

that again form a silylene with resultant ring opening,
The product distribution from the stirred flow reactor study als,

parallels that observed herein for these precursors, where the distribution
of methyisilanes observed reflects the bonding of Si in the initial
precursor. Thus only compound I, which has up to four carbons around one
Si, produces tetramethylsilane, compound II gives trimethylsilane as the
highest methylated silane, and III, 1,3-disilacyclobutane, gives only up to
dimethyisilane. Tl,is suggests that molecular rearrangements involving 11
transfer, as opposed to radical processes, are dominant in determining thc
silane reaction byproducts. Clearly more work needs to be done on thosc
systems before a detailed reaction mechanism can be discussed with any
confidence. Further deposition experiments along with surface decomposition
studies are planned in order to help answer these remaining questions.

In comparing these three compounds as SiC CVD precursors, the pareot
disilacyclobutane is clearly the preferred compound for use in situations
where the product purity and/or deposition temperature are critical factors.

On the other hand, the preparation of this compound is still relatively
difficult and it is certainly too costly to use at present for large scale
CVD or CVI applications. Efforts to obtain this compound by more convenienlt
methods nd to examine alternative precuirsors of this type. are also in
p'•,•r e s .
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CUEMICAL VAPOR DEPOSITION OF COPPER OXIDE THIN FILMS

YUNENG CHANG AND GLENN L. SCHRADER

Center for Interfacial Materials and Crystallization, Department of Chemical
Engineering, Iowa State University, Ames, IA 50011

ABSTRACT

Copper oxide films were prepared by organometallic chemical vapor
deposition of copper acetylacetonate in an oxygen-rich environment. The films
were characterized by X-ray diffraction, Auger electron spectroscopy, X-ray
photoelectron spectroscopy, and scanning electron microscopy. At 360*C, CuO

films were formed for an oxygen pressure of 150 torr and a copper
acetylacetonate vapor pressure of 0.2 torr). The Cu,0 £iln. as

polycrystalline, but the orientation was primarily 1111]. Differential
scanning calorimetry indicated that 0, assists decomposition of the

or'anometallic precursor during pyrolysis.

INTRODUCTION

Transition metal oxide ilms have important optical, microelectronic,
and energy-related applications [1]. Copper oxide (CuO and Cu 2p) films have

been examined recently because of potential uses for solar cells, catalysts,
and related superconductor materials.

Thermal oxidation [2], electrodeposition 13), and re~ctive sputtering
14) have been used to produce copper oxide films. Organometallic chemical
vapor deposition (MOCVD) is potentially advantageous because of lower
processing temperatures, reduced carbon contamination, and improved
versatility.

Copper acetylacetonate (Cu(CH3COCHCOCH 3 ), or Cu(acac),) is volatile at
moderate temperatures and is commercially available and less toxic than other
0-diketonate derivatives. Previous research with metal acetylacetonate-MOCVD
processes has established that oxidizing gases are necessary to control the
stoichiometry of the films [5,6]. Ajayi found that hydrocarbons produced from
Cu(acac) 2 decomposition were responsible for surface reduction of the copper

oxide films [5]. Carbon contamination has also been investigated. Armitage
reported that this contamination was diminished if the deposition was

performed in air [6).
In this study, MOCVD processing conditions were determined for the

production of Cu 20 films. Characterization of the films by X-ray diffraction

(XRD), Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy
(XPS), and scanning electron microscopy (SEM) provided structural and
compositional information. Differential scanning calorimetry (DSC) was
employed to investigate the pyrolysis of Cu(acac) 2 under inert or oxidizing

conditions.

EXPERIMENTAL

Deposition experiments were performed in a tubular quartz reactor.
Cu(acac) 2 (Aldrich, 99%) was sublimed using He (Air Products) as the carrier

gas. This stream was mixed with 02 and He to obtain the desired partial

pressure of oxygen. The depositions were performed on Si(100) (Unisil Corp.,

p-type). Depositiuns were performed for 10 minutes.

Mat. Res. Soc. Synip. Proc. Vol. 250. '1992 Materials Research Society
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Instruments for characterization included: Siemens D-500 X-ray
diffractometer, Perkin Elmer PHI 600 Scanning Auger, AEI 2008 Spectrometer,
and Cambridge S-200 scanning electron microscope.

Pyrolysis of Cu(acac)2 was studied by a DuPont 2910 differential scanning

calorimeter (DSC). Ten mg of Cu(acac) 2 was pyrolyzed in N, or dry air at a

flow rate of 36 ml/min. The programmed heating rate was 5
0
C/min.

RESULTS AND DISCUSSION

Initially, depositions were performed under the following conditions:
carrier gas flow rate (QT) = 100 sccm, temperature (T) = 360'C, total pressure

(PT) = 760 torr, oxygen partial pressure (Po) = 150 torr, copper

acetylacetonate pressure (Pc.) = 0.20 torr. Particie-like aggregates can be

observed by SEM (Figure IAM with areas where no deposition has occurred. The
irregular shape of the deposits suggests that gas-phase homogeneous nucleation
dominated. The film morphology could be altered by increasing the carrier gas
flow rate: continuous, smooth films were formed for carrier gas flow rates
above 600 sccm (Figure 19). The total pressure primarily affected the
deposition rates.

Fig. 1 (A) Fig. 1 (8)
SEM of MOCVD film SEM of MOCVD film

(QW = 100 sccm) (QT - 600 sccm)

With both PT (760 tort) and QT (750 sccm) constant, depositions using a
variety of reactant concentrations and substrate temperatures were performed

to produce different film compositions. Crystalline phases were examined by

XRD. In Table I, the processing conditions for producing films containing
crystalline Cu2O, CuO and Cu phases are listed. For a limited range of

processing parameters, Cu 2O was the only crystalline phase present in the

films: for P0 ý 150 torr and PC, = 0.20 torr, Cu 2O films were deposited over

a narrow temperature range (T = 360*C); at higher precursor concentrations
(Pcu = 0.25 torr), Cu l O deposition occurred from T = 340 to 380*C,

The XRD pattern of a typical Cu2O film is shown in Figure 2. A strong
diffraction peak is observed at d = 2.464 A and is assigned to the Cu 2O (111)

plane. This (111) preferential orientation was found in most films dominated
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Table I
Process condition for preparing Cu20 films
(PT = 760 torr and Q1. = 750 standard cm

3
/m)

T*C P0 Itorr) PCý (torr) XRfD (A)

340 150 0.2 2.18, 2.46

360 150 0.2 2.46

380 150 0.2 2.32, 2.46, 2.52

400 150 0.2 2.32, 2.52

340 150 0.25 2.46

360 150 0,25 2.46

380 150 0.25 2.46

400 150 0.25 2.52, 2.46, 2.32

Reference compounds

Plane d-Spacing (A) Intensity (%)

Cu (111) 2.18 100

(200) 1.82 78

Cu 2 0 (110) 2.53 34

(111) 2.46 I00

(200) 2.32 23

(211) 2.14 17

CuO (110) 2.75 12

(002) 2.53 49

(111) 2.52 100

(111) 2.32 96

(200) 2.31 30

Table II
Auger spectroscopy and XPS of MOCVD films

MOCVD film CuO Cu 2 O Cu CuCO3

oAu(eV): 1848.8 1851.6 1848.7 1851.2 1851.1

Oj,(eV), 530.5 529.6 530.4

Cu 2p312

peak position (eV)t 932.7 933.8 932.7 932.8 934.6

Cu 2p3,2

peak width (eV): 1.8 4.0 1.8 1.9
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XRD of MOCVD film
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Fig. 3
Depth profile auger of MOCVD film

by the Cu 2O crystalline phase. A weak peak at d - 2.714 A originates from the

Si (200) plane of the substrate.
AES studies involved recording the peak-to-peak ratio (dN/dE) of the

O(KLL) line, the C(KLL) line, the Cu(MNN) line, and the Cu(LMM) line. Two
compositional zones are apparent in the film (Figure 3). In the outer surface
layers (about 20 A), copper, oxygen, and carbon were detected. The
concentration of carbon dropped to below 1% under this surface layer: Cu and
0 were the primary components.

The possible existence of other phases was also investigated by depth
profile XPS. After sputtering the surface layer, the XPS spectrum of the Cu
2p core electrons of this film (Figure 4) had two peaks at 932.7 eV (Cu 2P32)

and 953 eV (Cu 2p,,2). The width (FWHM) of the Cu 2P312 peak was 1.8 eV, and the
distance between the Cu 

2P3/2 peak and the Cu 
2 ptj2 peak was 20-3 eV. These

results indicate the presence of Cu
0 

or Cu+ . As shown on Table I1, copper
carbonates (CuCO 3 ) or hydroxides (Cu(OH)Z) are not likely to be present. Also
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the absence of Cu 2p satellite peaks implies that Cu42 compounds probabýy are
not present (such as CuO). Comparison of toe X-ray induced AES (XAES) peak
position of Cu(LMM) in the spectrum (916.1 eV) with the XAES values for Cu
(918.4 eV) and CuO (916 eV) (9) indicates that the only detectable phase ýs

Cu,0.
DSC was employed to monitor the thermal energy during the decomposition

of Cu(acac),. As shown in Figure 5A, there are three peaks for Culacacil

pyrolysis in air. The first endothermic reaction occured at 2411C; this was
followed immediately by an exothermic peak located at 25ISC. A tuird feat.,e
was a shoulder at 337WC. In the N, ambient (Figure 53), the first endother-.c
peak was also found at about the same temperature. However, the second

exothermic peak (265WC) was IOWC higher and also much broader than the sec-nj
peak for the air studies. The position of the third peak was -ery simrilar to

that for the air studies. Oxygen apparently assisted the second "step" *f
Cu(acaC), pyrolysis. A possible decompos-tion pathway for Cu~acacý, woj,ý
involve the formation of reactive hydrocarbons indicated by the first
endotherm (ligand dissociation of Cu(acac) ). This reaction reached a maximom
rate at 241WC. 0, reacted with these hydrocarbons, as ind cated by DSC: an

exothermic step immediately follows the first reaction, with the hiv-hest
reaction rate attained at 2551C. Clearly, deposition temperatures abo.e a
critical value were needed to initiate Cu(acac), pyrclysi6. 0 is probably

capable of oxidizing the hydrocarbons produced and thereby avoid reducticn of

the oxide film.

SUMMARY

Smooth CuO films were deposited by MOCVD of Cu~acac), under 0<-rich
conditions. CuO (111) oriented grains could be formed under speckfic
processing parameters.
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MOCVD Growth of Copper and Copper Oxide Films From Bis.P-Diketonate

Complexes of Copper. The Role of Carrier Gas on Deposit Composition.

WILLIAM S. REES, JR.- AND CELIA R. CABALLERO

Department of Chemistry and Materials Research and Technology Center, The Florida State

University, Tallahassee, Florida 32306-3006, U.S.A.

ABSTRACT

An examination of thermal chemical vapor deposit elemental composition by EDAX has been
completed for material films grown from Cu(acac)2 anr Cuptmnc), (acac = pentane-2,4-d onate:
tmhd = 2,2,6,6-tetramethylheptane-3,5-dionate), using both hydrous and anhydrous carrier gas

steams each of reducing (H2 ), inert (N2), and oxidizing (02) composition.

INTRODUCTION

The P-diketonate complexes of Cu(ll) previously have bee,- used as copper transport sources

for chemical vapor deposition (CVD) both of elemental copper for electricat conductionl and the

copper oxide planes which form the basis of superconducting metal oxides.2 Having an interest ;n

each area, 3 we wondered what controlled the deposit composition which emanated from an identicai

source compound. There are numerous reports of utilizing Cu(acac) 2 or Cu(tmnd) 2 as the precursor

for deposition of copper-containing thin films; t however, to our knowledge, no systematic

examination has been reported for the role of carrier gas in determination of the composition of

these deposits. We now report the results of a study exploring hydrous and anhydrous oxidizing,

ýnert, and reducing carrier gas streams for Cu(acac( 2 and hydrous and anhvdrous oxidizing and

hydrous inert carrier gas streams for Cu(tmhd) 2,

EXPERIMENTAL

Substrate temperatures were determined by placement of a thermocouple abutting the

substrate (Figure 1). Flow rates were controlled by manostat-type mass flow controllers. Deposit

compositions were determined by employing an EDAX attachment on a JEOL scanning electron
microscope- The substrate temperature and flow rate were adjusted to produce a growth rate of
-l•tlhour. The summary results presented for Cu(acac)2 (Table I) and Cu(imhd)2 (Table I1) each

represent an average value (,A) of data collected from six independent growth runs. The precursors

were prepared by known methods, identified as pure by gas chromatography/ mass spectrometry

Mat. Res. Soc. Symp. Proc- Vol, 250. 1992 Materials Research Society



(GC!MS), and authentic by comparison of the observed mel: n~g Do~r,.I5 w~tn thlose reooM,!c
previously.4 All manipulations for bubbler filling occurred n a Vacuumn Atmosphereý lo'ard

,,!mosphere glove box. Si02 substrates were cleaned by washing wth 6 MA HN03. rrrree ':7fs A

distilled water, and finally twice with electronic grade methanol, and ovei oreo at 130"C co':, :o
use. The entire growth system was equilibrated at growth conditons for ',5 - 20 prieor ' tD

introduction of the source material into the vapor phiase. The optomumn butbber Ien'pcra!,.rvs

necessary for saturation of the carrier gas stream were ascerta~ned by exan'ina:,on of GC- MfS

decomposition data for the two precursors.

Figure 1. Schematic diagram of the hot-walled CVD reactor used to depos~t films from CulaCaCir2
and Cu(tmhd)2. Key: TC, thermocouple: 71 Z3, independent control temperature zzones: S1 - S3.

substrates to be coated: PH, pie-heater for deposition gasses' B-r, bubbler tefmperature: NMFC, mrass

tlow controller: G1 - G2, inlet ga-qs: note Inat both TC and G2 have variable positons Oue to t-,e

addition of bellows in-line. Flow through G2 was utilized to crever! premaiu.ýe cecor"posito' of Ire
source for those ambients with which it reacted rapidly.

E. Xt!4;jS 7

(i ... .... ...
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Table 1. Effect of Thin Film Deposit Composition on Deposition Atmosphere for

Cu(acac)2 (1 plhour, 7 of 6 runs).

Atmosohere Substrate temp. f°Q F Deposit comCosito1n

A r 387.1 186 Cu

02 360.7 135 Cu 20

H2  386.0 231 Cu
Ar + H20 371.5 231 Cu

02 + H20 367.4 135 Cu20

H2 + H20 313.0 231 Cu

Table II. Effect of Thin Film Deposit Composition on Deposition Atmosphere for

Cu(tmhd)2 (1 pihour, A of 6 runs).

ATMOSPHERE DEPOSIT COMPOSITION
02 Cu20

02 + H20 Cu20

Ar+ H2 0 Cu

RESULTS
Both precursors produced only elemental copper under all conditior, examined other than those

utilizing oxidizing ambients, For all three sets of growth atmospheres explored (reducing, oxidizing,
and inert) the inclusion ot a water saturated carrier gas stream proved to be uncorrelated with
deposit composition. No significant differences were found between Cu(acac)2 and Cu(tmhd) 2 in the
current study. Both yield Cu° under non-oxidizing atmospheres, and Cu2O under oxidizing conditions.

We presently explain these observations by invoking the known oxidation of elemental copper at
growth conditions. 5 Thus, under all sets of deposition parameters investigated in the present study,
including oxidizing ones, the inial deposit formed from Cu(acac)2 or Cu(tmhd)2 is Cu°. The film



300

remains intact under reducing or inert conditions, whereas in an oxldizing ambient. it is converted by

a second reaction from Cu* to copper oxide. This explanation is consistent with all data observeo

to date, and shows great potential for employment of sources containing copper-oxygen bonds in the
deposition of high purity metal for ULSI electronic device use. For the case of superconducting metal

oxides, clearly a two step mechanism is necessary for growth of copper-oxygen sheets from the

bis-5-diketonate family of source compounds. However, this may not prove to be a detrimental

feature, as that high quality superconducting metal oxides have been grown by chemical vapor
deposition from bis-0-diketonate precursors. 2, 3
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CHEMICAL VAPOR DEPOSITION OF TUNGSTEN AND MOLYBDENUM
FILMS FROM M(iq3 -C3H5)4 (M=Mo, W)

Rein U. Kirss*, Jian Chen and Robert B Hailock, Northeastern
University, Department of Chemistry, Boston, MA 021 15

Abstract

Chemical vapor deposition using tetra(allyl) tungsten and
molybdenum precursors yielded amorphous tungsten and molybdenum
carbide films on pyrex substrates The films were characterized by
Auger, ESCA, SEM, XRD and resistivity measurements Volatile
pyrolysis products consisted primarily of propene, C3H6

Introduction

Microelectronic devices based on gallium arsenide technoloqy
require chemical and thermal compatibility of the meta!lization
layers with the substrate Chemical reactions between the gallium
arsenide substrate and a metallic conductor which result in
degradation of the interface and lead ultimately to the failure of the
device. Such reactions are accelerated at elevated operating
temperatures. The work of Williams and co-workers has led to the
identification of the transition metals which are chemically inert to
group Ill-V semiconductors For gallium containing semiconouctors.
only tungsten is chemically stable toward reactions with either
gallium or arsenic. [II For indium containing semiconductors,
molybdenum, osmium, rhenium, and tantalum can be added to the list
of chemically unreactive conductors. Comparing the resistivities of
these five metals, tungsten and molybdenum are most attractive
candidates for metallization as they offer the lowest resistivities

Of the competing technologies available for the preparation of
thin films (e g sputtering, molecular beam epitaxy, MBE, and
chemical vapor deposition, CVD) , CVD offers advantages in conformal
coverage and scale-up of the process over the other deposition
methods. [21 Current methods for CVD of Mo and W using volatile
metal halides and a reducing gas such as hydrogen or silane suffer
from the flammability of the reducing gas and the corrosive
properties of the transition metal halides The corrosivity of
hydrogen halide products is of particular concern for deposition on
1lI/V semiconductors. [31 Films prepared from tungsten carbonyl,
W(CO)6, were found to be contaminated with carbon and oxygen,

Mal. Res, Soc. Symp. Proc. Vol. 250. • 1992 Materials Research Society



~~1

304

requiring a high temperature anneal (700°C) to reduce tre res~dual
contaminants to acceptable levels (e g < 0 1% Oxygen) [4)

Organometallic compounds with carefully selected !igand sets are
attractive precursors for reducing growth temperatures without
sacrificing purity by yielding hydrocarbon products, exclusively, uponr
pyrolysis, The search for alternate precursors is limited by at lear-t
two criteria. the source reagent must be sufficiently volatile to
permit transport to the reactor and the reagent must decompose in

the reactor to yield only the desired element [5) Successful
application of homoleptic allyl complexes of rhodium, rid!um, andI
palladium for the CVD of high purity thin films (Ib, 61, ad been

reported and prompted the present investigation of W(flS-C3k5)4 anri

MO(fl3 -C3H5)4 as precursors for the CVD of tungsten and molyboenum

films, W(lq 3 -C3H5)4 was reported to react with hydrogen at 60"C
producing tungsten metal, however, purity and application in CVD wa,

not reported [71

Experimental

Tetra(allyl)tungsten, W(fl3 -C3H5)4, and tetra(allylimoiybIenum,

Mo(rq3 -C3H5)4, were prepared using literature procedures [81 Trie

deposition apparatus consisted of a 1" 0, D pyrex tube placed in a
Lindbergh tube furnace. The precursor (0 25-05 g) was sublimed
directly into the hot zone under vacuum (10-20 mTorr) Substrates
were supported on an alumina boat inside the reactor tube Highly
reflective amorphous films were deposited on pyrex glass and silicon

substrates over the temperature range 300-400°C at 10-20 mTorr
Pyrex substrates were cleaned with hexane prior to deposition whiie

the silicon substrates were rinsed sequentially with dilute HF and
distilled water Durirg deposition studies oerformed under hydroqen,
H2 was leaked into the reactor through a needle valve The reactor

pressure was monitored with a Welch vacuum gauge (760 -10-3 Torr
range).

A one piece glass trap was constructed with grouno glass joints
and two stopcocks to allow isolation and removal of the trap from the
pyrolysis apparatus After deposition of a metal film, the trap was
removed and attached to a vacuum line Solvent (CDCI3 or C6D6) and

the contents of the trap were vacuum transferred to an NMR tube

cooled to -196*C The tube was flame sealed, thawed and analyzed by
IH NMR spectroscopy, Products were identified by comparison of the

chemical shifts with authentic samples

Results and Discussion
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Dark, reflective films were deposited from M(q3 -C3H5)4 on
pyrex glass over the temperature range 300-400°C at 1-2 x 10-2
Torr. Below 250"C for tungsten and below 350'C for molybdenum, no
deposition was observed. Some of the tungsten precursor was
recovered from the walls of the reactor tube at the exit from the

furnace at 250°C and identified by IH NMR. [81 Under the ultimate
vacuum attained in the deposition reactor (0-2 Torr), the
sublimation of the precursors was accompanied by decomposition to
black residues in the sublimation vessel. The films were found to be
smooth, featureless, and amorphous by scanning electron microscopy
and x-ray diffraction, respectively. For Rh, Ir and Pd deposition from
homoleptic allyl derivatives, reflective, amorphous films were
formed on pyrex glass substrates Adhesion of the films was judged
to be good based on the Scotch tape test.

For tungsten-containing films grown under vacuum, growth rates
ranged from 0 05-0 18 p/h at 10-20 mTorr (Table I) These growth
rates were similar to those observed for deOosition of Rh (0 15p/h)
and Ir (0.10 p/h) from the corresponding tris(allyl) metal complexes
at a pressure of 3-lOx 10-2 Torr [6b] Auger electron spectroscoDy
of the films revealed approximately 40 atom % tungsten, 44 atom %
carbon, 10 atom % oxygen and 6 atom % silicon after sputtering
through the surface layers The level of oxygen contamination was
similar to the 10%. observed in WC films prepared from
(MIe3CCH2)3W=CCMe3, despite base pressures of only 10-2 Torr and
was consistent with observations with other CVD precursors [91 The
films appeared to be resistant to aqua regia, a property associated
with metal carbides tol0 Binding energies from ESCA analysis were
used to differentiate between metal, metal bound oxygen, and metal
bound vs free carbon For a tungsten film deposited at 400'C under
vacuum, electron binding energies of 31 69 eV (width 1.67 eV), and
33.78 eV (width 1.44 eV) were observed in the W(4f) region after
sputtering with Ar+ Reported binding energies for tungsten metal are
31.2 and 334 eV, respectively for the W(4f7/2) and W(4f5/2)
electrons. (111 Binding energies of 31 77 and 33.91 eV were reported
for WC prepared by the CVD from (Me3CCH2)3W=CSiMe3 and 31 7 and
33.9 eV for sputtered WC, suggesting that tungstei -,rbides were
present in the films grown from W(i1 3 -C3HS)4 [91 For a molybdenum
"film deposited at 350'C under vacuum, an electron binding energy of
228.7 eV (width 1 60 eV) was observed in the Mo(3d) region after
sputtering with Ar* Electron binding energies for Mo metal (l'o
3d5/2) were reported as 2276 eV [121 A molybdenum evaporation
boat coated with carbon paint was resistively heated to generate a
thin molybdenum carbide film. An electron binding energy of 228 3 eV
(width 1.60 eV) was observed in the Mo(3d) region for this sample,

suggesting that the films prepared from Mo(Tl 3 -C3H5)4 werP -, imarily



molybdenu,,) carbides. The observed C is binding energies of 283 9
(width 1 54. eV) and 283.6 eV (width 1.77 eV), for W and Mo films,
respectively were consistent with the presence of carbidic carbon
(283.7 eV from the CVD of WC, 283 6 eV fc- molybdenum carbide
prepared as above). [91 5ome graphitic carbon was observed at 2850
eV (width 1.57 eV) in all samples. (131 Four-point sheet resistivity
measurements of the tungsten-containing films indicated that the
films were insulating (p > 106 po-cm, the limit of the apparatus)
Slightly better success was achieved in the deposition of

molybdenum containing films from Mo(r13 -C3H5)4 on pyrex and silicon
substrates, although higher pyrolysis temperatures were required

Sheet resistance measurements (-106 •0-cm) were approximately
six orders of magnitude greater than for pure molybdenum (5 7 [i0-
cm). Attempts to prepare pure metal films by deposition under
hydrogen yielded metal oxide films. The latter result can be traced to
a failure to scrub the hydrogen carrier gas.

Table I: Characteristics of Tungsten and Molybdenum Containing
Films on Pyrex Glass Grown From M(q 3 -C3H5)4 (N=Mo, W)

Growth M PH2 Thickness Growth a Resistivity b

Temp. (*C) (mTorr) p Rate (pi/h) p (p0-cm)

450 Mo 0 072 0.080 51 x 106

Mo 30 0.14 0.028 84 x 103
400 W 0 1.44 0.18 insulating

W 30 0 42 0052 insulating
Mo 0 0,73 0.080 32 x 106
Mo 30 0.67 0 11 45 x 104

350 W 0 1.36 0 14 insulating
Mo 0 046 0.058 insulating

300 W 0 057 0.057 insulating
W 30 0.33 0.041 1 0 x 10 6

a. from SEM measurement of thickness as a function of time
b. four point measurement p=Resistance x Area

length

The volatile products from the deposition reactions using

M(T3 -C3HS)4 precursors were trapped at -196*C and analyzed by IH
NMR spectroscopy In all cases, propene and propane were the major
products, accounting for >95% of the products Minor amounts of
benzene, ethylene and ethane were observed Hexadienes and other C6
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products were not detected. The ratio of C3 products was independent
of temperature over the range 350-450°C. The absence of C6
hydrocarbon products argues against a bond homolysis pathway
involving the intermediacy of allyl radicals Pyrolysis of

(i13 -C3H5)2Pd produced carbon-free films and a mixture of propene
(67%) and hexadiene (33%). [6al The formation of hexadiene in the
latter case was proposed to result from a bond homolysis pathway
involving generation of allyl radicals. The gas phase thermal

decomposition of 1,1'-azo-2-propene produced 1, 5-hexadiene with
less than 0. 1% propene, while diene products, exclusively, were
observed in the pyrolysis of three isomeric methylallyl azo
derivatives (E, E)-4, 4-azo-2-isobutene, (Z, Z)-4, 4'-azo-2-isobutene,
and 3, 3'-azo-isobutane. •141 Generation of 2-methyla!lyl radicals by
addition of H- to 1, 3-butadiene at low temperature demonstrated
that allylic-allylic radical reactions occurred exclusively by
combination and not by disproportionation [151 High purity HgTe and

rdTP films have been deposited using ( I-C3HS)2Te [(161 Coupling of
allyl radicals to hexadiene in the pyrolysis of both
(1I -C3HS)N2(n I -C3H5) and (q I -C3HS)2Te was the dominant react on

observed upon pyrolysis 1173 Carbon rich films havw- een reported in

ZnSe growth using (011-C3HS)2Se as a precursui for Se r,181 In the
latter case, a 2:1 ratio of propene to hexadiene was observed for the
volatile products. [17) An intramolecular "ene type pathway was
proposed to explain the high carbon content of the pyrolysis residues
A similar pathway was used to rationalize the observation of propene
and oligomers derived from CH2=CHC(S)H in the pyrolysis of
di(ailyl)sulfide [19 Based on these data, a bond homolysis pathway
appeared to correlate with primarly C6 products and carbon-free thin
films.

Three alternative pathways, P3-hydride elimination, o-hydridý.
eliminations and C-H activation of vinylic C-H bonds, were considered
to acce,,nt for the observed distribution and nature of the volatile
products as well as the elemental composition of the films. Thermal

0-hydride elimination reactions of an ri 3 -allyl ligand was recently
demonstrated in the formation of allene and propyne complexes upon

heating a benzene solution of CP*2Ta(il3-C3H5) (reaction 1) [201 The

Cp" p CPW

Cp - Cp* Ar H CpJ*,I
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absence of allene and propyne in our pyrolysis and film growth studies
using M(1j 3-C3H5)4 argue against intramolecular P-hyaride
elimination pathways Furthermore, p-hydride elimination pathways
do not readily account for the formation of strong metal carbon bonds
implied by the metal-bound carbon detected in the films Pathways
involving c-hydride elimination or vinylic C-H activation both
increase the metal-carbon bond order are tentatively proposed to
account for the observed analytical results on the Mo and W containing
films (reactions 2 and 3). Stable tungsten alkylidene and
propadienylidene complexes (e. g (CO)5W=C=C=CR2 for R=lPr, tBu,

Ph) are known [211 The 1H NMR spectrum of M(f13 -C3H5)4 Is
consistent with unsymmetrically bound allyl ligands [8]
Decomposition pathways involving activation of the vinylic C-H bonds
of the allyl group and hydrogen migration may generate a
metallocyclobutene with a W=C bond (reaction 3) Tungsten
metallocycie, ano alkylidene compounds are well documented (221
Further experiments directed toward understanding the pyrolysis
pathways for metal allyl complexes and their role in forming carbon
impurities in metal films are in progress.

M~3Cj . -CH. r 3  1 -RH
'l(ii3 -C 3 H5). ---- I( -Cs )X 2 MCr

2
M=M0, W

[~_FH

R/ M* R 
R.1r

R

M=Mo, W; R=C3H5
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THE CHEMICAL VAPOR DEPOSITION OF PURE NICKEL AND NICKEL
BORIDE THIN FILMS FROM BORANE CLUSTER COMPOUNDS
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Syracuse, New York 13244-4100

ABSTRACT

Several borane cluster compounds, such as pentaborane(9) and their corresponding
metal complexes have been investigated in our laboratory for their utility as unique source
materials for synthesizing metallmetal boride thin films by MOCVD. In this paper we report
the preparation of thin films of nickel boride from the thermal decomposition of nido-
pentaborane(9) in the presence of anhydrous nickel chloride [NiCI2] in the vapor phase.
Crystalline nickel boride thin films of controlled composition ranging from 0.1 to several
microns have been readily prepared by controlling the temperature and the flow rate of the
pcntaborane(9) into the reaction chamber. The nickel boride films on GaAs were thermally
annealed to form the NiTB 3 phase as hexagonal crystals in a Ni 3B matrix. These films have
been characterized by AA, AES, EDXA, SEM. XRD and electron diffraction. The phases
were determined primarily by X-ray and electron diffraction experiments.

INTRODUCTION

The formation of high purity metal boride thin films, such as nickel boride, in a
controlled stoichiometric fashion has received considerable interest primarily due to the variety
and importance of the applications of these materials [I . The fundamental interest in the
preparation, theoretical modelling and solid state characteristics of these metal borides arises
both from their unique physical properties among solid state materials and to their wide
structural diversity. Metal borides are typically extremely refractory materials with melting
points frequently far in excess of pure metal or other metal binary systems. These metal
borides are also exceptionally hard materials which are not significantly affected even in the
most rigorous of chemical environments. The transition and lanthanide metal borides are
typically rather good electrical conductors with some displaying superconducting properties at
low temperatures. Finally, the incorporation of boron in metal films, especially nickel, has
been shown to greatly enhance the strength and hardness of the alloy 113 1. Thus, metal
borides have found increased use in not only traditional applications such as hard coatings for
cutting tools 13-61 but also in thermally and chemically taxed aerospace components, high-
energy optical systems 17] and as new magnetic materials [8-121. Relatively strain-free nickel
boride thin films have been prepared previously from the pyrolytic chemical vapor deposition
of mixtures of nickel tetracarbonyl, diborane, and carbon monoxide in an inert carrier 16,131.
The intrinsic difficulties in this process arise from the use of both nickel tetracarbonyl and
diborane which are relatively expensive and extremely toxic and flammable reagents.
Alternative methods for the facile preparation of metal boride thin films of controlled
stoichiometry which do not rely upon these precursors is therefore of importance.

Numerous techniques have been studied for the preparation of these materials
including molecular beam epitaxy (MBE), sputtering and chemical vapor deposition (CVD)).
The control of the stoichiometry in multicomponent films prepared by chemical vapor
deposition techniques has relied on varying the ratio of inivi',•,,' source compounds in the
vapor phase. These source materials typically deposit at significantly different rates on the
substrate at a given temperature, often making the formation of a homogeneous film difficult.

Mat, Res. Soc. Symp. Proc. Vol. 250. 19%2 Materials Research Society
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The formation of metallic thin-films with varying boron content has recently been explored
using the borane polyhedral cluster-assisted deposition process (CAD) [14,15). Through the
use of this borane cluster chemical transport and deposition process, films ranging in
thickness from 0.1 micron to several microns have been readily prepared with controlled
composition. This technique has been shown to be generally applicable to the formation of a
variety of metal boride materials including members of both the transition and lanthanide metal
series.

In this paper we report thwC preparation of nickel boride thin films using the cluster
assisted deposition technique from the thermal decomposition of nido-pentaborane(9) in the
presence of anhydrous nickel chloride (NiCI2] in the vapor phase. These films have been
characterized by AA, AES, EDXA, SEM, XRD and electron diffraction. The initially formed
nickel boride films were annealed to foirt the NiTB 3 phase as hexagonal crystals in a Ni 3 B
matrix. Finally, we report the identification the phases present in the nickel boride films in
both the as-deposited and annealed films by X-ray and electron diffraction experiments.

EXPERIMENTAL

Materials. Pentaborane(9) was from our laboratory stock. Decaborane(14) was
obtained from the Callery Chemical Company and sublimed under vacuum prior to use. The
anhydrous nickel(ll)chloride (99%) and the standard solutions for atomic absorption
spectrophotomerry were used as received from the Strem Chemical Company and the Aldrich
Chemical Company, respectively.

Thin Film Formation. The nickel boride thin films were prepared by the
application of a vapor phase borane cluster-assisted deposition technique 114,151. In the
experiment, using inert atmosphere techniques 1161, 1.0 g (17 mmol) of anhydrous (99%)
nickel(lI)chloride was placed in a quartz boat in the quartz reaction chamber shown
schematically in Figure 1. A flask containing several grams of neat pentaborane(9) liquid at
room temperature, B15-9, was connected

Figure 1. Apparatus for the Preparation of Nickel Boride Thin Films [ 151.

To Vacuum System and
Liquid Nitrogen Traps

QuartzCarrier Gas
Inlet

Borane Reactant
Thermocouple Nickel Chloride Boat Mlask

to the reactor (pentaborane vapor pressure at 251C = 209 Torr 1166D. The pentaborane
reservoir flask was maintained at -78' C during the entire experiment by use of an external
constant temperature bath jacketing the flask (acetoneldry ice). The entire apparatus, including
the flask containing the pentaborane(9), was evacuated for 15 min., during which time a
vacuum of I x 10-5 Torr was achieved. The reactor was slowly heated to 555'C under
dynamic vacuum. After obtaining a stable tempcmture, the stopcock to the penrahorane(9)
flask was opened slightly to allow a vapor of the borane to pass over the hot NiCI2 while
under dynamic vacuum conditions. The unreacted pentaborane(9) and other reaction
byproducts were trapped downstream in a liquid nitrogen-cooled trap. The deposition was
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continued for I to 3 hours, during which time the formation of a mirror-liKe thin film was
observed to coat the walls of the reactor and the deposition substrates held above the NiCI 2
boat (Figure 1). The stopcock to the borane flask was then closed and the reactor was
allowed to cool slowly to room temperature. The reactor was filled with dry nitrogen and the
film was removed from the reactor for further study. Free standing (substrate-free) films
were obtained from the walls of the reactor and was found to be very reflective, flexible and
strong materials. Film compositions ranging from 54% to 99% nickel have been prepared
from these experiments. EDXA analysis showed that the film contained no chloride or other
heavy element contaminations. Auger electron spectroscopy further showed that the film
contained only nickel and boron. A scanning electron micrograph of a typical nickel bonde
film is shown in Figure 2. Similar results were obtained using decaborane(l4) 15a,d).

Pentaborane(9) has the advantage of being a highly volatile liquid and can therefore be
more easily controlled in a flow system than the previously used dccaborane(14) cluster.
Decaborane(14), however, has the advantage of being an air-stable material at room
temperature while pentaborane(9) reacts violently with air.

RESULTS AND DISCUSSION

The nickel boride thin films formed from the thermal reaction of NiCI2 with boron
hydrides using the cluster-assisted deposition i.,-cess produces uniform (AES depth profiling
115)), conformal thin film materials. The films prepared in this work from the pentaborane(91
cluster and NiCI2 were formed either adhered to various substrates, such as copper, SiO.2,
GaAs or pyrex, or as a free-standing (substraie-free) material. The as-deposited films were
found to be primarily Ni3 B by a comparison of the X-ray diffraction data for the films and the
previously reported data for the known nickel boride phases (Table I). Typical scanning
electron micrographs, Figure 2A, showed that the films were relatively uniform materials
which displayed relatively small surface voids, The reporieo structure for both Ni 3 B (and
Ni 7B3), shown in Figure 2B, consists of isolated boron atoms at the center of tricapped

H 1.0 tam

Figure 2. A. Scanning electron micrograph of a nickel boride film (Ni 3B) deposited at
'555C on a quartz substrate from anhydrous NiCI2 and Pentaborane(9) in vacuum. B
Structure of nickel boride INi3B and Ni7 B33. The shaded sphere is a boron atom an
the open spheres are nickel atoms (trigonal prismatic arrangement).



314

trigonal prisms of metal atoms 117,181. Upon annealing, significant crystalline modifications
occur. After the annealing process, perfect hexagonal crystallites were observed embedded in
a rather uniform, conformal matrix (Figure 3). X-ray diffraction experiments show that the
bulk of the sample consisted of the Ni3 B and Ni7BJ phases with experimental data identical to
the literature data (Table I). In order to establish the phase identity of these hexagonal
crystallites, however, electron diffraction experiments of the crystals were undertaken. A"close-up" scanning electron micrograph view and the corres-ponding electron diffraction
pattern for a typical hexagonal crystallite ame shown in Figure 4. A comparison of the electron
diffraction data with the known data for the nickel boride phases clearly identified the
hexagonal crystalline modification as the Ni7 B3 phase. This phase apparently grew from the
Ni3B matrix during the high temperature annealing process.

Table 1. Crystallographic Data for Selected Nickel-Boron Phises.

Phase/ Space a, A b, A c, A other Intense Reflections Ref.
Unit Cell Group/

Struct.
Type

Ni Fm3m 3.5238 d=2.03, 20=44.64, 1/11=100 19
Cubic fcc d=1.76, 20=51.95, 1/13=42

d=1.25, 20=76.15, 1/11=21

Ni3 B Pbnm 5.211 6.619 4.389 d=2.35, 20=38.30, 1/11=100 17,18
Ortho- FZ3C d=2.12, 20=42.65, !/11=80
rhombic d=1.97, 20=46.07, 1/l1=80

d=3.31, 20=26.94, 1/11=20

Ni2B 14/mcm 4.993 4.249 d=1.98, 2o--45.83, 1/11=100 2-6,
Tetragonal CuAI2  d=2.50, 20=35.92, I[A1 =2 4  14,

d=2.13, 20=42.44, 1/11= 2 2

d=3.54, 20=25.16, 1/11=9

Ni4 B3  Pbnm 11.953 2.981 6.569 d=2.07, 20=43.73, l91t=100 2-5
Ortho- o-Ni 4 B3  d=2.47, 20=36.37, I/li=80
rhombic d=2.25, 2o=40.07, 1/11=80

d=5.97, 20=14.84, /111=20

Ni 4 B3  C2/c 6.430 4.882 7.818 I= d=2.18, 2"-41.42, 1/1=100 2-5
Monoclinic m-Ni 4B3  103.18 d=2.05, 20-44,18, 1/11=100

d=1.92, 20=47.34, VI11=100
d=3.85, 20=23.10, 1Il1=40

NiTB 3  P63/mmc 6.96 4.38 c:a = d=6.036, hkl=100 20
Hexagonal 0.629 d=3.550, hkl=101

d=3.485, hkl=110
d=3.018, hkl=200

NiB Pbnm 2.925 7.396 2.966 d=2.31, 20=33.99, l/11=100 7
Rhombic FeB d=2.72, 29=32.93, I/11=74

d=i.86. 20=48.97, Il/,=6 8

d=3.68, 20=24.18, I/1t=16
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A. H1.0 pm B. 1.0 lOOpm

Figure 3. Scanning electron micrograph of annealed nickel boride films deposited from
anhydrous NiCI2 and Pentaborane(9) in vacuum at 5550C and annealed at 830'C for
38 h. A. Film deposited on gallium arsenid' showing the large fused crystallites if
Ni7B3 . B Film deposited on quartz showing the hexagonal crystals of Ni7B 3
embedded in the Ni 3B matrix.

A. I-1.0 m B.

Figure 4. A. Scanning electron micrograph of a hexagonal crystal of nickel boride (Ni 7B3)
deposited from anhydrous NiCI2 and pentaborane(9) in vacuum at 555'C and annealed
at 830TC for 38 h on a quartz substrate. B. Electron diffraction pattern from the crystal
shown in the SEM micrograph. The planes for the diffraction pattern are in the (001)
zone,
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DEPOSITION OF TUNGSTEN NITRIDE THIN FILMS FROM (tBUN)ZW(NHrBu) 2

Hsin-Tien Chiu and Shiow-Huey Chuang

Department of Applied Chemistry, National Chiao Tung University, Hsinchu, Taiwan,

30050, R. 0. C.

ABSTRACT

The possibility of growing tungsten nitride thin films from (tBuN)2W(NHtBu) 2 , a

single-source molecular precursor with two nitrogen to tungsten double bonds, by low

pressure chemical vapor deposition (LPCVD) was investigated. Deposition of thin films

on silicon and glass substrates was carried out at temperatures 500 - 650 OC in a cold-wall

reactor while the precursor was vaporized at 60 - 100 oC. Elemental composition of the

thin films, studied by wavelength dispersive spectroscopy (WDS), is best described as
WN, (x = 0.8 - 1.8). Elemental distribution within the films, studied by Auger depth

profiling, is uniform. X-ray diffraction (XRD) studies show that the films have a cubic

structure with a lattice parameter a = 4.14 - 4.18 A. A stoichiometric WN thin film has a

lattice parameter a equal to 4.154 A. Volatile products, trapped at -1960C, were

analyzed by nuclear magnetic resonance (NMR) and gas chromatography-mass

spectrometry (GC-MS). Isobutylene, acetonitrile, hydrogen cyanide and ammonia were

detected in the condensable mixtures.

INTRODUCTION

There are many transition metal nitrides possessing interesting mechanical and

electrical properties [1]. Many of them are potentially useful interconnect materials for

diffusion barriers and gates in vary large scale integrated circuits (VLSI) [2]. Growing the

thin films of these materials by conventional chemical vapor deposition (CVD) usually

requires high temperatures ( > 1000 OC) when metal halides and ammonia / hydrogen or

nitrogen / hydrogen mixtures are employed as the precursors. Thus, their usefulness is

severely limited. On the other hand, there are many interests in the deposition of mixed-

element thin films from single-source precursors, molecules having all of the desirable

elements. Usually, metallo-organic compounds are employed here as the precursors to

grow thin films at temperatures much lower than the ones recorded previously. For
example, metal carbides and oxides, such as TiC, WC, SiO 2 , and TiO2 , have been

deposited successfully into thin films by this route using Ti(CP 2
t Bu) 4 , (tBuCH 2)3 W"

CtBu, Si(OEt)4 , and Ti(OiPr)4 , respectively [3 - 6]. Previously, our laboratory has shown

that an ethylimido tantalum complex, (Et 2 N) 3Ta=NEt, can be used to deposit poly-

Mat, Res. Sot. Syrmp. Prot. Vol 250. '1992 Materials Research Society
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crystalline cubic TaN thin films at relatively low temperatures 500 - 650 OC, with minor
carbon incorporation [7]. In order to test whether it is a general route to metal nitrides by

using metal imido complexes as the precursors,

we performed the following metallo-organic tBuN NHtBu

chemical vapor deposition (MOCVD)experi- W

ments employing another metal-imido complex, 1BuN NHtBu
(tBuN) 2W(NHtBu) 2 , 1, as the precursor.

Our observations are reported below.

EXPERIMENTAL

(tBuN) 2 W(NHtBu) 2 was synthesized and purified according to a procedure

described by Nugent [8]. Deposition of thin films on silicon and glass substrates was
performed in a low-pressure cold-wall reactor at temperatures 500 - 650 OC while the

precursor was vaporized into the reactor at 60 - 100 OC. Argon or hydrogen flowing at 10

sccm was used as the carrier gas to assist the CVD process while the pressure was around
0.5 torr. The films were analyzed by scanning electron microscopy (SEM), wavelength

dispersive spectroscopy (WDS), X-ray diffraction (XRD), and Auger electron

spectroscopy (AFS). An U-trap was placed between the reactor and the pump to trap
condensable gas phase products at -196 oC. These products were analyzed by nuclear

magnetic resonance (NMR) and gas chromatography-mass spectrometry (GC-MS).

RESULTS AND DISSCUSSION

(tBuN) 2 W(NHtBu) 2 is a solid com-

pound at room temperature and has

sufficient volatility when sublimed under
vacuum. Thus, it is suitable for low pressure
MOCVD studies. Uniform gray and metal-

lic shining thin films were grown on Si(100),

Si( 111) and glass substrates at temperatures

exceeding 500 OC. The scanning electron

micrograph of a typical thin film is shown in

Fig. 1. The growth rates of the thin films,

estimated from the thickness, were 20 - 100

Ajmin. Some films on silicon substrates did

not adhere well. This problem was proba- Figure 1 Scanning electron micrograph

bly due to a large mismatch of lattice of a thin film
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Figure 2 X-ray diffraction pattern of a thin film

parameters between the substrates and the thin films (asi = 5.43 A, ati fb = 4.14 -

4.18 A. See below for the thin film characterization).
The XRD pattern of a thin film, deposited at 600 oC using hydrogen as the carrier

gas and annealed at the same temperature for I h, is shown in Fig. 2. It shows major Cu

Kcz peaks at angles 20 equal to 37.420, 43.540, 63.320, and 75.750. These peaks are
characteristic of a cubic structure, a = 4.154 A, and are assignable to (11), (200), (220),
and (311) diffractions, respectively. Although the pattern does not match that of any

known tungsten nitride or tungsten carbide phase exactly, it is close to the diffraction
pattern of A -W2N, a = 4.126 A, which shows ( 11), (200), (220), and (311) reflections

at 37.730, 43.850, 63.73), and 76.510, respectively [9]. Lattice parameter of the thin films
versus the temperature of deposition is shown in Fig. 3. In Fig. 4, N/W and C/W ratios of

4.20H
H2 10 sccm -4-

Figure 3
E Effect of temperature of

deposition on lattice
0. -parameter

4.12-
500 600 700

T(OC)
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the thin films, derived from WDS studies, are plotted against the temperature of

deposition. Figs. 3 and 4 indicate that with increasing temperature of deposition, both

the N/W ratio and the lattice parameter of the films decreased. Also, it is clear that the

lattice parameter decreased with decreasing N/W ratio. As shown in Fig. 4, it appears

that the films deposited using hydrogen as the carrier gas contain less carbon. Reduction

of carbon concentration in tungsten carbide by hydrogen has been reported 1101. Auger

depth profile of a thin film, shown in Fig. 5, indicates that the concentrations of tungsten,

nitrogen, carbon, and oxygen on the surface were 35%, 27%, 6%, and 26%, respectively.
After several hundred angstroms were removed by sputtering, uniform distribution of the

elements within the film is observed. The elemental concentrations in the bulk obtained

here does not agree with those found by WDS. This is attributed to the preferential

sputtering and has been observed for other early transition metal nitride thin films [I 1.

80

40 Figure 5
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Volatile products, condensed at -196 OC, were analyzed by NMR and GC-MS.

The major constituent being identified is isobutylene. Other gases including acetonitrile,

hydrogen cyanide, and ammonia were identified also. Detection of noncondensable

gases, such as hydrogen, nitrogen, and methane, ws attempted by installing a pressure

gauge between the U-trap and the pump. In the deposition experiments conducted

without passing any carrier gas, a pressure increase was observed by this gauge, indi-

cating that the evolution of hydrogen, nitrogen or methane is possible. Based on these

observations, we speculate that in the thermal decomposition of ('BuN)2 W(NH tBu) 2 ,

tertbutyl groups were removed as isobutylene. The mechanism might be a Y-hydroger,

elimination process followed by carbon-nitrogen bond cleavage. Acetonitrile, hydrogen

cyanide, and possibly methane might be generated through a / -methyl activation process
which is also responsible for the incorporation of carbon into the films.

In conclusion, this preliminary study has shown that (tBuN)2 W(NHtBu) 2 , a

bisimido tungsten complex, can be utilized as a single-source precursor to grow cubic
tungsten nitride thin films, having the composition WN, (x = 0.8 - 1.8), by low pressure

MOCVD. The N/W ratio and the lattice parameter are affected by the temperature of

deposition. Using hydrogen as the carrier gas can reduce the incorporation of carbon

significantly.
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DEPOSITION AND CHARACTERIZATION OF METALORGANIC CHEMICAL
VAPOR DEPOSITION ZrO 2 THIN FILMS USING Zr(thd) 4

Jie Si, Chien Hf. Peng, and Seshu B. Desu
Department of Materials Engineering, Virginia Polytechnic Institute and State
University, Blacksburg, VA 2,1661

ABSTRACT

Excellent quality ZrO2 thin films were successfully deposited on single crystal
silicon wafers by metalorganic chemical vapor deposition (MOCVD) at reduced
pressures using tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) zirconium,
[Zr(thd) 4]. For substrate temperatures below 5300C, the film deposition rates were
very small (. 1 nm/min). The film deposition rates were significantly affected by: (1)
source temperature, (2) substrate temperature, and (3) total pressure. As--deposited
films are stoichiometric (Zr/O = 1/2) and carbon free. Furthermore, only the
tetragonal ZrO 2 phase was identified in as-deposited films. The tetragonal phase
transformed progressively into the monoclinic phase as the films were subjected to high
temperature post-deposition annealing. The optical properties of the ZrO 2 thin films
as a function of wavelength, in the range of 200 nm to 2000 nm, are reported- The
measured value of the dielectric constant of the as-deposited ZrO 2 films is around 19
in the frequency range of 5 kIlz to 1000 kHz.

INTRODUCTION

Zr0 2 thin films, due to their variety of applications, are of considerable interest.
For example, ZrO 2 films were utilized as thermal barrier coatings, buffer layers for the
growth of high T,, superconducting thin films, and in high-temperature optical filters.
Many different methods, such as reactive electron beam evaporation [1, dc and rf
magnetron sputtering [2), and chemical vapor deposition (CVD) [33, have been
employed for the fabrication of ZrO 2 thin films. Among these techniques, CVD seems
to be a very promising and compatible method for electronic and optical device
applications. The primary issue of CVD ZrO 2 thin films is the identification of a good
precursor. ZrCI 4, which was first used as a precursor for CVD ZrO2 , requires very high
deposition temperatures (> 8000C) and could result in the formation of fine powders
[4]. The organometallic alkoxides such as zirconium i-propoxide, Zr(OPri) 4, and
zirconium t-butoxide, Zr(OBut) 4 , are also not suitable as precursors due to their
instabilities f43. However, zirconium acetylacetonates appear to be most suitable
precursorsfor ZrO2  deposition. Use of zirconium trifluroacetylacetonate,
Zr(C 5 H 4F3O 2)4 , for MOCVD of ZrO 2 films was reported earlier by our research group
[43. Although good quality ZrO3  films were obtained using zirconium
trifluroacetylacetonate, the process parameter space is limited due to the possible
fluorine contamination, [fere we report on the use of an acetylacetonate without
fluorine, namely, [Zr(thd) 4] for the deposition of excellent quality ZrO 2 films.

EXPERIMENTAL PROCEI)URE

ZrO2 thin films were deposited in a reactor which was described in a previous
paper [4). Depositions were carried out at reduced pressures (4 to 10 tort). Zr(thd) 4
was used as the precursor and the precursor temperature was varied from 230 to 240 0C
The substrate temperature was also varied from 540 to 5750C. The precursor was
carried by oxygen carrier gas int - the reaction chamber. The film thicknesses were
measured at the center of the silicon wafer by an ellipsometer at a wavelength of 632.8

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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nm. The films were also characterized by scanning electron microscopy (SEM) and
electron spectroscopy for chemical analysis (ESCA) for surface morphology and
stoichiometry, respectively- [loth X-ray diffraction and Fourier transform infrared
(FTIR) spectrometer were used for phase identification. Optical transmission spectra
of the films in the range of 200U nm to 2000 om were obtained by an UV-VIS-NIR
spectrophotometer. For the dielectric property measurement, ZrO2 thin film was
deposited on the platinum.-coated Si substrate and contacted with 2.14 x 10 4 cm 2

palladium electrodes. The diele-,tric constant was calculated from the film thickness
and capacitance.

RESULTS AND DISCUSSION

Deposition Behavior

In order to determine the precursor volatilization temperature, the precursor,
Zr(thd) 4, was characterized by thermogravirnetric analysis (TGA). Fig. 1 shows the
TGA spectrum of the precursor at heating rate of lOOC/min in flowing nitrogen. As
can be seen from Fig. 1, the precursor starts to lose weight around 2000C. In order to
have desirable vapor pressure, source temperatures in the range of 230 to 240CC were
used for this study. The amount of source materials transported to the reactor can be
controlled by adjusting the source temperature and the carrier gas flow rate. In the
range of experimental parameters investigated, source temperature, substrate
temperature, and total pressure, were found to have significant effects on the film
deposition rate. Fig. 2 shows the variation of the deposition rate with the substrate
temperature at source temperatures of 230 0C and 2400C, at a pressure of 6 torr. The
deposition rate increased with increasing substrate temperature and source
temperature (Fig. 2). It was also found that the deposition rate increased with
increasing total pressure, as ran he seen in Fig. 3. Therefore, the deposition rate of
ZrO 2 thin films using Zr(thd) 4 can be easily controlled (from 6 to IS nm/mmn) by
adjusting the above parameters

Surface Mornhologv and Coeniposit-ion

As-deposited MOCVD) ZrO2 thin films were specular, crack-free, and adhered
well to the substrates. The as-.deposited thin films were featureless under SEM
examination. Fig. 4 shows the surface morphology of the MOCVD ZrO 2 film which
was annealed at 10001C for one hour. The average grain size was estimated to be
around 100 nm in this annealed sample.

The ESCA spectra of the film before and after five minutes of argon sputtering
are illustrated in Fig. 5. The carbon peak in Fig. 5(a) was due to carbon adsorption on
the sample surface. After five minutes of ion sputtering, only Zr andý 0 peaks were
observed (Fig. 5(b)). This indicates that tiit. carbo.1 Wlunent v, _Z,.; below the
ESCA detectable limit. Fig. 6. shows the narrow scans of Zr~d and 01, peaks for an
as-deposited specimen. From the presence of Zr-3d peak at 181.7 eV, we have
concluded that the oxidation state of Zr is 4+. Quantitative analysis of ESCA data
(Fig. 6) indicated that the film is stoichiometric ZrO 2 (Zr/O ratio = 1/2).

Phase Identification of ZrO, T[hin Films

Fig. 7 displays the X-ray diffraction patterns for the ZrO 2 thin film as a function
of post-deposition annealing temperature. Only the tetragonal phase was identified in
the as-deposited thin film, while the formation of the monoclinic phase was noted in
the sample which was annealed at 6000C. After the sample was subjected to a high
temperature (10000C) heat treatment, it was found that the monoclinic phase was the
major phase in the thin film.

__



325

Roeatirog Rate

31- Fig. 1. Thermo-
-z_ • - ravirnetojo

"-Analysis of

"4 0 Zr(thd)4

0 200 400 500 800

2c•

"Fig. 2. Deposition
Rate as Functions
of Substrate and

, ,Source Temperature
SI ¢on'." G.ý 25 G= c:[

540 . 560 570 5BC

Sacotr~te Temp~erature (°

15,t

SI T ijute CoO 500 Occo. 0

- m / Fig. 3 Deposition
Rate as a Function
of Total Pressure

9 7

| • o • •



326

Z3d

(a)3

(b)
(bI 1 1 k .i

Fig. 4, SEM of ZrO2 8)10 6K 4Go 25l (
Film Annealed at
1000C Binding Energy

Fig. 5- ESCA Spectra of ZrO:
Film (a) Before Sputtering
(b) After Sputtering

,iM,

(a) :

6M 0 0

T:

190 15 18300 75

. 6' 00
0
ec

540F 5356 530 525 Fig. 7- X-ra Lifffaction
B. E. Pattern of %iO('\cD Zrý2

Film (35 jimr)

Fig 6 ESCA Narrow Scan (a) Zrod,!-(b) Ols



p,-

3 7

The FTIR absorption spectra of the same samples as a function of annealing
temperature are shown in Fig 8 The six prominent absorption peaks of the
post-dep-ition annealed samples agreed very well with that of the CVD monoclinc
ZrO 2 thin films obtained by Tauber [31- Since the as-deposited film consisted of only
tetragonal phase according to X-ray diffraction result, we attribute the two absorption
peaks in the PTIR spectrum (Fig. 8) of as-deposited sample to the lattice vibration
modes of the tetragonal phase. Hlowever, the absorption peaks of tetragonal phase
could not be identified in the spectra of the annealed samples, which may be due to the
overlap with the major peaks if the uToitoclinic phase.

There is a large scatter in the reported data about the phases existing in ZrO2
thin film [1, 3, 51. lIowever, there is a general agreement that the number and naturk,
of the phases in the film are a sensitive function of the deposition process, deposition
parameters, grain size. and thickness 16]. In our study, the formation of the metastable
tetragonal phase at the deposition temperature (e.g. 5500C) may be related to the high
deposition rate, film stress, and/or to the fine grain size. When the films were
subjected to high-t.:iiperatirc heat treatments, the thermodynamically favorcd
,,tonoclinic phase formned gradually

Otical and Electrical Proert:s•

The UV-VIS-Nllt transrnission spectra of the as-deposited and a:rnealed
MOCVD ZrO 2 thin films on fuýed quartz substrates are shown in Fig. 9. As can be
seen from Fig 9, the transmittance drops down to 0% at A = 207 nm (the absorption
edge), while its value is arounid 9•i% in the visible and near infrared range. The
envelope method (71 was used, to calculate the refractive index (n) and the thickness of
the film. The thickness of the film was calculated to be 370 rim. Fig. 10 shows the
refractive index of the as-deposited and annealed ZrO 2 films as function of wavelength
The indices of refraction increased with the increasing annealing temperature The
change of the refractive irndex upon annealing can be attributed to the phase
transformations of the fi ens

Fig. 11 shows the plot 4,f dielectric constant, k, as function of frequency. An
average value of dielectric cnnistant is 19 and its value slightly decreased with
i;icreasing frequency This value of the dielectric constant is larger than that of the
CVD ZrO2 film obtained front ZrCL( (k = 17) [3], but smaller than that of
single--crystal monioclini Zrn, (k -22) Is].

SUMMARY

Due to its stability and acceptable vapor pressure, Zr(thii) 4 is a preferred
precursor for depositing exscclleit quality MOCVD Zr0 2 thin films. The as-deposited
ZrO2 thin films wtere firnie-grainid and stoichiometric. In addition, the deposition rate
can be easily controllil frorm 6I, t 1 nm/min by adjusting the deposition parameters in
the range of ex;xerirrniit parlraneters investigated. Only the tetragonal phase was
observed in the as- drihsit(l filnfln I The tetragonal phase transformed progressiveiv
into the monichilin" phase is the films were subjected to high-temperature
post--deposition annealing lHit FTl-1 spectra of both the tetragonal and monochnic
Zro)2 thin film were obtaincd The optical properties of the ZrO 2 thin films as a
function of wavelerigth in tht, r;anlge i,f 200( im to 2000 nm, were investigated, The
measured va!ue nf thu did•trii constant of the as-deposited ZrtO film is around 19 in
the frequency range of 5 kliv toý IWoo5 kliz
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Advanced Dielectrics Deposited by LPCVD

Andrew P. Lane, SPC Texas Instruments, Dallas, TX 75265,
Arthur Chern, Neal P. Sandler, Dean W. Freeman, and Barry S. Page,
Lam Research Corporation, Fremont, CA 94538

ABSTRACT

Ta 205 and Nb2 0 5 films were deposited using the Lam Research
IntegrityTM reactor. The chemical precursors used were pentaethoxides of Ta
and Nb. Typical films were deposited at a rate of 4 nm/min with
uniformines of <1.5% 1l in the presence of 02 at 470"C. Annealing the Ta2 0 5
films did not change the O/Ta ratio. Annealing the Nb 2 0 5 films increased
the O/Nb ratio to 2.5/1 at 850"C. Interfacial SiO 2 grew to 4 nm after
annealing at 8507C for both Ta205 and Nb2 O5 . The as-deposited films were
amorphous, but became crystalline above 600"C and 700"C for the Nb205 and
Ta205 films respectively. The TEM observations on crystallization is
supported by x-ray diffraction data.

INTRODUCTION

Decreasing device geometries require thinner dielectric films for
storage capacitors. The need to reduce dielectric film thickness presents major
processing problems. A near term solution for 64 Mbit and 256 Mbit devices
is the use of alternative dielectrics such as oxides of Ta, Nb, Zr, Hf and Y.
These oxides have dielectric constants, K, between 16 and 40, and may be
deposited by several techniques, including sputtering and LPCVD.

The formation of Ta205 films has been studied extensively over the
years utilizing anodic oxidation (1] and thermal oxidation [2] of tantalum
films, reactive sputtering 13-71, plasma deposition [81, and chemical vapor
deposition [9-13]. The formation of Ta205 (and other high dielectric constant
films) from metal halides and organometallic reactants by CVD has been
reviewed ri--ently [14]. Previous CVD studies based on the organometallic
compound tantalum pentaethoxide, Ta(OEt)5 , as the precursor molecule have
led to encouraging results [9-131. However, as-deposited films require
annealing at 800(C - 850"C in 02 to attain acceptable electrical properties, such
as low leakage current density and high dielectric breakdown field. In
addition, film deposition parameters were not optimized for coating the
large-area substrate wafers (150 mm to 200 mm in diameter) required in ULSI

fabrication.

In this paper, we describe the deposition of Ta205 and Nb2 0 5 films by
thermal LPCVD of Ta(OEt)5 and Nb(OEt)5, and 02 in a single-pass, laminar
flow reactor. Precise control of residence time, temperature, pressure, and
optimized 02-to-Ta(OEt)5 ratio are key to obtaining conformal and uniform
films of excellent quality over large-area substrates.

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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EXPERIMENTAL

The Ta(OEt)s source had a purity of 99.999% and was used without
further purification. The vaporized source was carried by ultra dry N2 and
mixed with 02 prior to introduction to the reaction chamber. Typical
deposition and annealing conditions are listed in Table 1. Planar and trench-
etched 150-amn diameter silicon wafers were used as test substrates.

Deposition
Ta(OEt)5 and Nb(OEt) 5 source temperature 40*C
Source vaporizer temperature 200'C
Delivery temperature 120"C - 140"C
Total gas flow rate 3-6 sir
Mole ratio 0 2/Ta(OEt) 5 and 0 2/Nb(OEt) 5  120:1
System pressure 400 mTorr - 600 mTorr
Deposition temperature 4301C - 490"C
Deposition time Variable (typical 10 min)

Annealing
02 Anneal
Anneal temperature 600"C - 850"C
Time 10-30 min

Table 1. Film Deposition and Annnealing Conditions

The LPCVD reactor is a fully automated, hot wall, radial plate system
from Lam Research Corporation (Lam IntegrityTM). It is designed for precise
control of gas flow dynamics, reactant concentration, process temperature,
and system pressure. The gas flow is laminar, single-pass and radial towards
the center [15]. Generation of particulates by gas-phase nucleation is
minimized since no recirculation occurs.

Films were characterized by Rutherford Backscattering Spectroscopy
(RBS), Auger Electron Spectroscopy (AES), Secondary Ion Mass Spectroscopy
(SIMS), X-ray Diffraction analysis (XRD), Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). Film thickness and refractive
index were measured simultaneously by ellipsometry. Particle densities were
determined with a laser reflectance instrument.

RESULTS AND DISCUSSION

The rate of Ta 20 5 and Nb20 5 film deposition was 1.5 nm - 8 nm over
the deposition temperature range of 430"C - 4901C. Typical film thickness
uniformity of films 40 nm in thickness, deposited on 150 mm diameter
wafers at 470"C is 51.5% 1a within wafer, wafer-to-wafer, and run-to-run.
Average added particle densities do not exceed 0.2/cm2 (>0.3 pim size; 6 mm
edge exclusion). Figure 1 shows the Arrhenius behavior over this narrow,
optimal temperature interval for the Ta205 deposition process indicating an
activation energy of 25.3 Kcal/mole. Likewise, the Nb205 deposition process
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has an activation energy of 21.1 Kcal/mole. These data indicate a surface

reaction rate limited process for both films.

The SEM cross-section micrograph in Figure 2 shows the excellent step
coverage of >95% for these films on Si, stemming from the unique flow
conditions and the surface-controlled reaction in this LPCVD reactor.

20

•< r I N * 25.3 KC8L(/noN.

oi

1 3 1 1 2 1 3 3 • 1 13 5 3 136 1 37 1.39 1.39 1.Ad 1 -1 12 4 •

1/T (IO0001K) tSPECTr RAW/) 6

Fig. 1. Arrhenius plot for Ta2.05 Fig. 2. Back scatter image of test
deposition process from sample cross-section
430'C - 40"C showing uniform and

conformal coverage of
7.2 Vm deep and 1.2 pm
wide trenches in silicon
with 200 nm thick Ta205
film.

RBS analysis confirms the as-deposited Ta205 films have the correct
stoichiometry. Annealing these films did not change either the stoichiometry
or the oxide/silicon interface. The stoichiometry of the as-deposited Nb205
films was 2.2/1 for O/Nb which reached 2.5/1 at an annealing temperature of

80"C

80*.Figure 3 shows TEM cross-sections of Ta205 through a film of 60 nm
thickness (as-deposited). The films are amorphous (see also XRD studies) and
show no interactions of the Ta205 with the underlying substrate due to the
buffering property of the approximately 1,2 am thick native SiO2 underneath.
Films annealed at 850"C in 02 (Figure 3) show the Si02 increased to 4 nm.
Similar SiO2-growth under the Nb205 films upon annealing is shown in
Figure 4. The TEM studies also provided information concerning the
crystallization of these films during annealing. The as-deposited films were
amorphous but became crystalline above 600'C and 700sC for the Nb205 and
Ta205 films respectively. The TEM Work on crystallization is supported by



7&,av diffr'iction data which appeared in Figures 5 and 6. The crystallization

taký paceaboe 70*C(701C 751C)andthecrystal structure corresponds
to orhrobcp-Ta2O5. Increasing the temperature to 9OLYC does not
change the crystallinity or the Ta-O phases, but changes the lateral growth of
the crystallites.
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Fig. 3 TEM cross-sections of as-deposited and annealed Ta2O5 films on Si.

j-j

U-

(07

<-

Z
z

Fig. 4 TEM cross-sections of as-deposited and annealed Nb205 films on Si.
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CONCLUSIONS

An LPCVD process has been presented for producing uniform,
conformal and stoichiometric Ta 2 0 5 films over large-area substrates 150 mm
to 200 mm diameter wafers. Annealing crystallizes the Ta205 and Nb 2O 5
films above 7001C and 600°C, respectively. Annealing increase the interfacial
oxide thickness from 1.2 nm to 4.0 nm. Preliminary results indicate Nb2 O 5
films are potentially applicable as storage capacitor dielectrics for advanced
256 Mbit DRAM devices.
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ROUTES TO DIAMOND HETEROEPITAXY

ANDRZEJ BADZIAN AND TERESA BADZIAN
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802

ABSTRACT

This paper reviews the status of diamond heteroepitaxy approached by chemical vapor
deposition and by physical methods. Reported are experiments with cubic boron nitride and nickel
conducted with the help of microwave plasma chemical vapor deposition. X-ray diffraction data
confirm diamond heteroepitaxy on the (11) faces of cubic boron nitride crystals. Heteroepitaxy
on nickel was not demonstrated yet nevertheless suppression of graphite nucleation was achieved
by formation of nickel hydride.

HINTS FOR HETEROEPITAXY

Heteroepita.,i!l growth is a common practice for the family of Ar'Bv and AUBw semiconduc-
tor compounds and elements like .9i and Ge. This has been achieved by several growth methods,
such as molecular beam epitaxy, metallorganic CVD, growth from solutions and others.

Demonstration that homoepitaxial growth of diamond by CVD is feasible allows us to expect
that diamond heteroepitaxy should be attainable because of the analogy of diamond to !hese other
semiconductors. Till now this expectation did not materialize with one exception - heteropitaxial
growth of diamond on micrometer size faces of cBN crystals.

Heteroepitaxial growth means that on the surface of single crystal A (over macroscopic area)
another crystal B starts to nucleate and grow with the specific crystallographic orientation
relationship between A and B crystals, which corresponds to some kind of lattice matching. The
lack of perfect matching at the interface introduces a strain between these semicrystals. The strain
is relaxed in specific ways. For example, when the crystal A is silicon and the crystal B is silicon
doped with boron, misfit dislocations are formed just above the interface. This formulation of
heteroepitaxy does not consider any transition interlayer between A and B, but instead direct
chemical bonds are formed between atoms of the crystals A and B.

In the sense formulated above heteroepitaxy of diamond was not documented despite years of
trials using a whole spectrum of substrates. However, there is some evidence that diamond was
grown heteroepitaxially on the (11) face of cubic BN crystal over an area of -10gm by direct
current plasma CVD [ 11. Cubic BN is the first candidate to study heteroepitaxy because of its good
lattice matching (1.4% mismatch) and its solubility with diamond. The formation (under high
pressure) of substitutional solid solutions between diamond and cubic BN indicates the formation
of chemical bonds between B, C and N [21.

The first report on diamond heteroepitaxy on micrometer size cBN grit was presented by W.
Yarbrough, A. Kumarand R. Roy 13,4]. Scanning Electron Microscope observations on diamond
growth on cBN crystals support epitaxial growth [5,6].

Some information on heteroepitaxy can be extracted from studies of inclusions in diamond
crystals. X-ray diffraction techniques have revealed for some mineral inclusions in natural
diamond crystals that heteroepitaxial relationships exists between the inclusions orientation and

Mat, Res. Soc. Symp. Proc. Vol. 250. t 1992 Materials Research Society
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diamond matrix 17]. Similar measurements of high pressurelhigh temperature diamond crystals
grown from Ni and Co liquids indicate in situ formation on the Ni and Co nonstoichometric
carbides with the NaCl-type structure. Inclusions of these carbides are aligned to the diamond
matrix, according to Weissenberg photographs [8,91. Diamond crystals grown by microwave
plasma CVD, at specific CH4 concentrations, have nano-size graphite inclusions aligned on the

i 11) piates of din*rond, according to the electron diffraction data [ 101.

CVD DIAMOND NUCLEATION

Observations on diamond nucleation on non-diamond substrates can be summarized as
follows:

a) Diamond nucleates on foreign substrates on nano-size areas from which it grows
radially on the surface and forms a crystal grain growing perpendicular to the
surface.

b) Nucleation takes place on an intermediary phase formed in situ, during the incubation
phase of the process. There are several such phases which have been reported:
"* hydrogenated disordered carbons
"* hydrogenated carbides like SiC with disordered sphalerite structure
"* other carbides like Ti and Mo

Our understanding is that just after an intermediary phase is formed as a nano-size nucleation
site, diamond starts to grow. This tendency of diamond nucleation is an obstacle in achieving the
oriented growth. It means that routine CVD procedures should be modified. Several such
modifications have been explored.

a) Y. Sato and M. Kamo at NIRIM achieved columnar growth with high crystal perfection
in the <001> direction by controlling process paramters 1111.

b) The group of researchers at Osaka University explored artificial epitaxy. A silicon
wafer was lithographically prepared, etched and passivated to form a square
pattmrn. Although the CVD diamond grains were only partly preferential [121.

c) Another procedure came from the following observation. Micrometer size powder
grains of natural diamond spread over a silicon wafer produces films with preferred
orientation perpendicular to the surface. This results from the fact that diamond
cleaves along the ( I I}] planes and the grains sit on the surface sticking to the (I 11)
faces. These films had random orientation of CVD crystals in reference to the
directions lying in the surface of the wafer. This experiment indicates that
organization of seeding in three dimensions requires a new concept how to orient
the seeds on the surface.

d) Frustration with lack of success on conventional heteropitaxy has revived a homoepi-
taxy concept along the lines described above. Recently M. Geis and his collabo-
rators have achieved spectacular success with mosaic diamond films. They were
able to etch a relief structure with half octahedron holes 100 x 100ritm in silicon
wafers and locate diamond octahedral grains (100gm) in the resulting pits such that
all of them have the <001 >orientation. Continuous quasi monocrystalline diamond
films over the area of the 2" diameter were then prepared with further deposition
by hot filament atop this three-dimensionally oriented crystal array. Over 95% of
the seeds are oriented and lead to a mosaic crystal approaching a large area quasi
monocrystalline film ( 131.

Ii
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We can draw the following conclusions on CVD diamond nucleation:

"* It is trivial to say that diamond homoepitaxy works because at the initial stage of the
process interaction of diamond surface with activated species is similar to any
arbitrary moment of the growth.

"* However, non-diamond substrates interact in different ways than diamond surfaces.
The surfaces undergo chemical changes and diamond nucleation starts on a nano-
size area where a specific crystal phase is formed. This is a "point" at which
diamond nucleates.

"* The intermediate phases make heteroepitaxy difficult. Disordered structures of these
phases contributed to this.

"* Diamond layer growth immediately atop a lattice matched heteropitaxial substrate (in
analogy to Frank-van der Merve mechanism) is the most desired growth. It is also
advised to undertake efforts on finding such intermediary phases which would be
susceptible to form an array of oriented (in three dimensions) nucleation sites.
Diamond would be nucleated on them forming islands followed by formation of an
oriented continuous film. This type of nucleation would be analogous to a Volmer-
Weber growth mechanism.

APPROACHES WITH PHYSICAL METHODS

In order to avoid chemical problems with surface reactions inherently connected co the CVD
processes efforts on developing physical methods have been pursued. Listed below are various
reported methods which use the energy and momentum of particles and the interaction of laser
beams with matter in order to aid in nucleation and heteropitaxial growth.

Carbon ton 11C*a_.,A_=

Freeman et al. in 1978 bombarded diamond substrate heated at 700'C with selected "2C' ions
of 900eV. They claim that several jim-thick single crystal diamond film (with non-diamond
inclusion) was grown on diamond substrate [14I. This claim is not confirmed. Recent reports by
Harvell Laboratory does not contain any crystallographic data (331.

IQn Implantation

Growth of diamond on Cu by implantation of 120eV "C' into ( 11) single crystal Cu at -900"C
was reported by J.F. Prins and H.L. Gaigher [ 151. The claim was challenged by S. Tong Lee and
collaborators whose experiments made at 200eV showed that films were invariably highly
oriented crystalline graphite [161. Professor J. Prins reaffirmed the claim that his implantation-out
diffusion method produced diamond films.

Laser Assistance

Before powerful lasers were available periodic pulses from a xenon-gas-discharge tube were
used to create a supersaturation of carbonaceous species above the diamond substrate. In this way
thermal CVD was improved with respect to the ratio of diamond/graphite nuclei (B.V. Dcrjaguin
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and D.V. Fedoseev, 1967) 1171.
The periodic heating/cooling method was also successful in the case of lasers with wavelengths

of 1.06 and 10.61im. Polycrystalline films 51m thick were grown on diamond substrates I 181.
These experiments have not been confirmed.

In relation to these experiments phase transformation in graphite powder was induced by IR
laser with very low yield, nano-size grains of diamond formed. In addition to diamond carbyne
phase was formed from hydrocarbon droplets. The results on phase transformation of graphite was
confirmed at Penn State [191.

Implantation-Pulsed Laser Process

A new two step process was proposed by J. Narayan, V.P. Godbole and CV. White. The first
step is implantation of carbon into copper at 60-120keV. Next the implanted layer was treated with
nanosecond excimer laser (308nm) energy with energy density up to 5J-cm-2 . During the second
step, laser melting of copper, diamond films are produced as flakes. The thickness of the flakes
is about 500A and the area is about 1O0llm 2 [201. This method waits for confirmation.

Conclusions on Physical Methods

Films obtained by physical methods are usually rather thin (below 1000A) and to prove that
they were grown heteroepitaxially requires:

"* identification of crystal structure of the film
"* determination of relationship between atomic lattices of the substrate and the film
"* determination if the film has correct chemical composition

It should be excluded at the beginning that the deposited film is not graphite or a disordered
carbon phase. The diffraction data are essential to prove heteroepitaxy but at the same time the
interpretation is not trivial. The electron diffraction patterns of thin films of diamond and graphite
have some similarities. The evaluation of these patterns requires evaluating them for several
crystallographic directions, accurate measurements of as many reflections as possible, and careful
indexing of the planes. Misinterpretation of diffraction patterns of carbon films are well
documented in- the diamond literature.

X-ray diffraction requires the separation of undesired effects like double diffraction, parasitic
scattering and other artifacts. It should be required that the diffractometer measurements be
complimented by photographic techniques. It is also documented in the diamond literature that
unfortunate combination of diffraction effects in the particular diffractometer produced diffraction
peaks originated in silicon substrate. These diffraction results were attributed to heteroepitaxial
diamond film on silicon. Revision of complementary characterization data indicated that a
disordered carbon film was deposited on Si instead [211.

In summary it is the opinion of the authors of this assessment that claims of diamond
heteroepitaxy by physical methods have not been satisfactorily proven.

EXPERIMENTS ON HETEROEPITAXY OF DIAMOND ON cBN

cBN and Ni are the most frequently considered candidates for diamond heteroepitaxy. The
other candidates include: Cu, Si, MgO, LiF and TiB 2. In this paper we will report on experiments
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using microwave plasma CVD of diamond with cBN and Ni substrates.

Examination of the crystallographic relationship between the diamond film and cBN crystal
substrate by x-ray diffraction.

Progress in cBN synthesis by CVD and physical methods is very slow. Only recently 122-24!
micrometer size crystals of cBN were prepared.

Single crystals grown by HP/HT method are not easily available. Large single crystals ofcBN
up to 3mm in size have been seen by the authors in High Pressure Laboratory of NIRtM. Tsukuba-
shi, Japan [251 but there have been no reports, as yet, that they were used for heteroepitaxy
experiments. In general, the quality of cBN crystals is inferior to the diamond crystals grown by
l IPi/HT.

In this study we have used cBN single crystals synthesized by authors using HP/UT process
with Mg 3 N, solvent-catalyst and chamber described previously 1261. The crystals have a mostly
tetrahedral habit. The maximum size of these crystals was 2501im. We have also used crystals of
non-regular octahedral habit (80-120tim) kindly supplied by Dr. R. DeVries of General Electric.

De.:osition Process

The cBN crystals were placed on natural diamond crystal to avoid contamination from the
hob' .r and they were cleaned before deposition by annealing in hydrogen plasma. 5pm thick
diamond film was grown for the x-ray diffraction study. A I%CH4 and 99% 'H 2 mixture at 80Torr
of pressure was used over a substrate with a temperature of 900"C. More details on deposition is
given in references 27 and 28. For the nucleation study, films of 0.7-3psm were prepared.

X-ray Diffraction

X-ray oscillation method was used to determine crystallinity and orientation of diamond film
in relation to the 250tm cBN substrate. X-ray photographs were taken Aith CuKrt radiation and
57.3mm diameter camera, Clear resolution of diamond la=3,567A) and cBN (a=3.615A)
reflections was observed. The reflections appear as doublets. The diamond film is a single crystal
(with a distorted structure because of the elongation of the reflections) that has the same orientation
as the crystal of cBN. Table I lists distances between diamond and cBN reflections.

TABLE I
Distance

c•alcsatedl QL N'
111 0.62* 0.31mm 0.3±0. 1mm
220 1. 17" 0,58 0,6±0. I
311 16.0 0.80 0.8_+0.1
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Fig. I Raman and luminescence spectra of 5pm diamond film on the (I 11) face of cBN
tetrahedral crystal. Laser excitation wave-length 514.5nm.

Raman Spectra

The Raman spectrum of the crystal studied by x-ray diffraction is shown in Fig. 1. The
spectrum contain cBN peaks at 1054 and 1304cm1 and diamond signature at 1333m-'. Strong lu-
minescence with maximum at 1440m1 correspond to disordered structure which is characteristic
for (I 11) diamond homoepitaxy [28]. This defected form combines the effects of -tacking faults
and twinning on the Il 11) planes. These disorder effects became smaller when diamond film on
cBN was grown with addition of B2H-1 to the gas mixture. The strong luminescence measured along
with Raman lines disappeared in this case, and the width of 1333m" diamond peak at half
maximum was 3.0cm

A perfect cBN octahedral crystal which possess sphalerite type structure should have {I Il I
faces terminated by B or N atoms alternatively. A tetrahedral single crystal should be terminated
by 8 or by N atoms exclusively. The crystals used for substrates were too small to identify which
atoms terminated which face. Deposition on the tetrahedra faces produced srmooth surfaces with
tarraces, an indication that growth proceed according to Frank-Van der Merve mechanism.
Deposition on octahedral GE crystals, which were grown at unknown conditions, shows different
behavior of the (Il I I faces (Fig. 2). Some of these faces have full coverage at early stages of
growth.

Rows of microcrystals appeared along the <110> ledges. These crystals indicate a Volmer-
Weber growth mechanism. We can only hypothesize about polarity of the I I 11} faces, which
(011) face is terminated by B atoms and with (I 11) is terminated by N atoms. They should show
different behavior in respect of etching and growth processes as it was observed for all Arab'
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Fig. 2 Nucleation of diamond on GE cBN crystals. Process conditions: 2%CH4, 8OTorr.
930'C. Bar corresponds to 10rnm.

compounds. Indeed different etching behaviour for cBN was observed 1251. We think that in our
nucleation experiments, boron terminated face is preferred for diamond nucleation because doping
with B proceeds easily in contrast to N. So, the partial covering of the (Ml) faces would seem to
indicate N termination.

Conclusions

1. Diamond heteroepitaxy on cBN over area of 250jtm was confirmed by x-ray diffraction.
2. Differences in nucleation density were observed on the ( 111) faces of cBN crystals.

EXPERIMENTS WITH NICKEL HYDRIDES

GQaI

Formation of Ni hydrides in CVD diamond growth process.

Heteroepitaxy on Ni

Although true heteroepitaxy on Ni has not yet been achieved, diamond growth on Ni is still
intriguing. The distribution of atoms on the (1001 planes is close for Ni (a=3.524A) and diamond
(a=3.567A). But, the crystallization of diamond in a CVD process does not take place on elemental
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Ni. When Ni metal is in the contact with CH4/H2 plasma, both C and H dissolve into Ni
immediately. So Ni is transformed from fcc structure to an interstitial alloy with C and H atoms
located at random in the octahedral holes of fcc structure.

A similar phenomenon occurs with HP/HT synthesis of diamond, where Ni or Co form NiC
or CoC, x-0.5 non-stoichometric carbides of NaCI type structure 'ncorporated into diamond
crystal matrix (8,91. In the author's opinion, this HP/HT phenomenon is not important to CVD
deposition and we concluded that Ni is not suitable for diamond epitaxy 1271, But Ni does take
a different active role during diamond nucleation and growth processes for both HP/HT and CVD
synthesis. For this reason, we undertook a study on participation of nickel hydrides in CVD process
and preliminary results will be reported.

When the decomposition reactions of hydrocarbons on Ni surface are taken into account, the
whole CVD process will become quite complicated. This is reflected in the fact that, depei'ding
on the process parameters, a variety of deposits on Ni were obtained. These deposits range in
structure from pure graphitic deposits in the formof fibers tohigh quality single crystals of graphite
or as diamond crystals which nucleate at Ni grain boundaries. Also reported was agglomerate of
diamond crystals oriented in the <I1 > direction 129].

Nickel Hydrides

Formation of Ni hydrides was studied from the point of view of thermodynamic equilibria,

which requires reproducible synthesis conditions 1301. Because of this requirement, high pressure
method could be extensively explored. However, electric discharges in H2 , which are difficult to
control but which are effective in the hydride formation were not extensively explored. The
diatomic gaseous hydrides that form on the transition metals are known. Solid Ni hydride have
have H/Ni ratio of 0.7-0.8 and its lattice constant expend 5.5% in comparison to the metal. This
hydride is unstable and decomposes at room temperature after 40 hr 131].

Below we report on experiments conducted with the help of microwave plasma.

Thin Film of Ni on Diamond

Experiments were performed with a thin film of Ni sputtered on a part of surface of natural type
la diamond cut along the (001) plane, The thickness of Ni film was less than lptm. This substrate
was used in diamond deposition with 1%CH4, 99%H2, pressure 8OTorr and substrate temperature
900"C. On the part of the (001) surface not covered by Ni diamond homoepitaxy took place.
Growth steps indicating the <1 10> growth direction are shown in Fig. 3a. On Ni coated pan the
morphology varies significantly. There are squares with the < 110> sides and large flat areas that
are single crystal areas (Fig. 3b).

Contamination with Ni was detected by electron microprobe and cathodoluminescence spectra
show sharp lines which were assigned to Ni 1321.

These experiments seem to indicate that growth of diamond proceed in the presence of Ni. We
think that carbon coming from diamond crystal substrate and from CH4 decomposition is dissolved
in the Ni layer simultaneously with the process of hydrogenation which produces volatile NiH. No

graphite formation was observed in this process.

Thin Film of Ni on Cu

Cu as substrate helps to eliminate the dissolution of diamond substrate in the Ni film which
takes place in temperature above 6i00'C as described in the preceding section.
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Fig. 4 Morphology of Ni surface and diamond crystal upon it. Bar corresponds to lOAm.

When bulk Ni is annealed in hydrogen plasma, it starts to melt at 1150'C, much below melting
point of Ni 1450'C.

The first step of nucleation experiments with thin films of Ni (less than Iim) on Cu was to
anneal the films in a hydrogen plasma at 1000'C, below melting point of Cu (1080-C).
Recrystallization of Ni and formation of Ni hydride takes place in this step.

In the next step, the temperature was decreased to 900"C and diamond nucleation was
conducted with 1 %CH4 at 80Tort. Separate crystals of diamond were nucleated. Graphite was not
formed at these conditions. Fig. 4 shows morphology of Ni layer recrystallized with some
triangular features and truncated cubo-octahedral diamond crystal with the < 11 > orientation.

Conclusion

It was demonstrated that suppressing of graphite nucleation can be achieved when Ni metal is
transformed into Ni hydride.
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DIAMOND DEPOSITION BY A NONEQUILIBRIUM PLASMA JET

D.G. KEIL, H.F. CALCOTE, AND W. FELDER
AeroChem Research Laboratories, Inc., P.O. Box 12, Princeton, NJ 08542

ABSTRACT

A nonequilibrium plasma jet has been used to deposit diamond films on a
number of substrates, including silicon, silicon nitride, alumina, and
molybdenum. Hydrogen is passed through a glow discharge and expanded through a
supersonic nozzle to produce a highly nonequilibrium jet. Methane is added
downstream of the nozzle, where it mixes and reacts with the nonequilibrium
concentration of hydrogen atoms. fhe resulting supersonic jet strikes the
substrate surface producing a high quality (determined by laser Raman
spectrometry) adherent diamond film. Because of the low jet temperature,
substrate cooling is unnecessary. Diamonli deposition rates have exceeded
2 mg/kWh and I jim/h averaged over 16 cm area; good quality films have been
prepared at substrate temperatures below 600 K.

INTRODUCTION

The ability to produce CVD diamond films at practical rates and thicknesses
blossomed with the use of "activated" hydrogen along with a carbon source gas
[1,2]. This early work spawned the development of a wide variety of techniques
to activate hydrogen (and carbon species) to deposit diamond films. Filament-
assisted CVO (FACVD), microwave plasma-assisted CVD (MWCVD), thermal arc jet CVD
(arc jet), and combustion gas rVD (torch) techniques have been successfully used
to produce quality polycrystalline diamond films. Differences in the
characteristic hydrogen activation processes of each technique define an
operating "envelope" of deposition rate and diamond film quality (area,
uniformity, morphology, adhesion, etc). Encouraging attempts have been made to
connect them within a global description of diamond deposition[3]. However, even
if similar chemistry is occuring in these CVD processes, there are practical
criteria which differentiate them. The operating envelopes can be translated
into advantages and disadvantages for the processes. Based on the current
understanding of the CVO diamond mechanism and the characteristics of other CVD
techniques, we have developed a new technique designed to optimize the diamond
deposition environment. It utilizes efficient, low temperature activation of
hydrogen in a nonequilibrium plasma, and expansion of the plasma into a
supersonic jet which, when admixed with a carbon species, rapidly transports
diamond precursors to the growing diamond film surface.

AEROCHEM NONEQUILIBRIUM PLASMA JET

The nonequilibrium plasma jet (NEPJ) was originally developed at AeroChem
over 30 years ago[4]. Its utility as an efficient source of atomic hydrogen for
synthesis was demonstrated in a successful program to deposit photovoltaic grade
amorphous silicon. We have since demonstrated and patented[5] its application to
diamond film technology, and we anticipate its utility in many CVD processes.

Apparatus

The basic apparatus, as illustrated in Figure 1, is dividea into two
sections separated by a nozzle across which supersonic flow develops. The high
pressure side contains a glow discharge which activates a high velocity hydrogen
stream. Glow, or "silent" discharges are generally characterized by moderately

Mal. Res. Soc. Syrup. Proc. Vol. 250, ' 1992 Materials Research Society
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high voltages and low currents, as opposed to thermal arcs which operate at low
voltages and very high currents. The glow discharge is supported between an
axial water-cooled electrode and the nozzle. Thus all the hydrogen passes through
the discharge and all the resultant plasma gases must flow through the nozzle,
expanding into the deposition chamber. This chamber is maintained, by a vacuum
pump, at a much lower pressure than that in the upper, discharge chamber. Under
these conditions, the plasma gases accelerate at the expense of random gas
molecule motions to form a directed supersonic jet of cooled active gas.
Downstream of the nozzle methane is mixed into the jet and the jet impinges on
a substrate surface where a diamond film is deposited. As practiced, this method
does not directly expose the carbon-containing gas to the discharge.

MIXING AND IFDACTING ZONE

ANODE ~(ACTIVE CAnQON Si'[ICS)
- H IYDROGEN A ArOMS. IONs

CA711lOG

-,n _ .__ I iNOZZLE .... Figure 1 AeroChem
Nonequilibrium Plasma Jet
(NEPJ) apparatus for diamond
depositions.

DISCHARGE /JOKOUDR

MTOMS, IONS)ATIJ

OISCMARGE CIHAMSER DEPOSTON CHAMBER

Process Characteristics

Glow Discharge. In a glow discharge ions, electronically excited species,
and molecular dissociation products are formed at concentrations much in excess
of that predicted based on the bulk gas temperature (which is much lower than the
ef;cctiva electron temperature). Hence it is a nonequilibrium plasma. Positive
ions play a role both in maintaining the discharge through high energy collisions
with the cold electrode surface and in transporting the current. These
characteristics differentiate the glow discharge from an electric or thermal arc,
in which electron "boil-off" from a hot electrode and electron transport of
charge dominate in maintaining the discharge. In such arcs, the gas in the
plasma is largely at thermal equilibrium, and active species concentrations
result from the extremely high associated temperatures (typically >5000 K).
Contamination by vaporized impurites can be problematic in both arc and FACVD
processes. A glow discharge provides high hydrogen atom fluxes at low power
levels, since energy isn't used to heat the hydrogen to the equivilent thermal
dissociation temperature, as in arc or FACVD processes. The ultimate heating of
the substrate by the nonequilibrium plasma jet is less than from an arc jet due
to the lower bulk gas temperature. Atmospheric torch methods, where both the
thermal and active species fluxes are high, also require substrate cooling.

Nozzle Expansion. The supersonic expansion of the plasma gases is another
key element of the NEPJ for diamond deposition. When the pressure ratio across
the nozzle is much greater than unity, random thermal motions are directed to
form an expanded, supersonic jet of cooled gases. The supersonic expansion
prevents feedback from the downstream chamber into the discharge chamber,
effectively isolating the discharge processes from perturbations or manipulations
of the downstream jet. This provides separate optimization of hydrogen
activation and transport processes. Isolation also provides stability of
operation in the presence of substrate motion, which is not possible in
conventional MWCVD.

The supersonic jet rapidly transports active plasma species (hydrogen
atoms, ions, etc.) toward the substrate. Three-body hydrogen atom recombination
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is low due to the short available reaction time and to the low pressure in the
jet. Bimolecular reactions with positive activation energies are slower at the
lowered jet temperature.

At the substrate surface, a shock wave forms, and the gas recovers the
upstream temperature. The active species are transported across the resultant
boundary layer to form the diamond film. The high gas velocities impinging on
the substrate makes the boundary layer thin, facilitating transport to the
surface.

Diamond Depositions

Experimental. Typical gas flow rates for results described here are
0.5-1 sL/s hydrogen, 50-200 scc/s helium and and/or argon, and 2-25 scc/s
methane. For these experiments the glow discharge was typically operated at I
to 2 A and 1000-1500 VDC, correspnnding to 1 to 3 kW power. Except for low
substrate temperature depositions described below, it was often necessary to
provide additional, electrical substrate heating beyond that provided by the
plasma jet. To accomplish this uniformly, the substrate was supported on a
heated graphite disk.

We found that substrates to be diamond coated did not require
pretreatment, such as scratching with a hard material (e.g. diamond or SiC
powder) as reported for a high deposition rate, thermal plasma process [6).
However such treatment was found to affect the deposited diamond film appearance
and presumably, its morphology. We have not observed any "induction period" for
nucleation, and the deposition rates are comparable for scratched and unscratched
substrates.

Deposition rates in mg/hr are determined by substrate weight changes. Film
thicknesses have been determined by several methods. Average values can be
easily determined based on estimatps of the overall film area and the measured
substrate weight change. A diamond film density of 3.5 g/cm3 is assumed. We
have also measured thickness profiles with beta back-scattering (0-BS). The
instrument (Twin Cities Model TC 2000) was fitted with a Cd105 beta source and
was calibrated for each substrate material using a series of standard thickness
polypropylene films, correcting the thicknesses for the density ratio 0.91/3.5.
The thicknesses of fractured films have been directly measured using scanning
electron microscopy (SEM) or a surface profiloameter (Tencor Instrument, Model 10-
00020). Even for films deposited on complex shapes, the estimated average
thicknesses were found to consistently scale with the direct thickness
measurements within about a factor of two, the average values being less, as
expected.

Diamond film quality is routinely determined on the basis of Raman
spectroscopy using the 515 nm argon ion laser line (Spectra Physics Model 164).
Typical laser power is 200 mW and the beam is only moderately focused, yielding
sample-average spectra, The scattered radiation is focused onto the slits of a
Spex Model 4 Ramalog laser Raman Spectrometer. The double monochromator has a
0.85 m focal length, is fitted with 1800 groove/mm gratings, and with 150 micron
slits provides about 2 cm-1 resolution. A cooled photomultiplier (RCA C31034)
collects the light from the exit slit, and the signal is stored on a computer for
manipulation, storage, and routing to an X-Y plotter. We routinely judge thj
film quality based on the intensity ratio of a broad Raman feature at 1550 cm
(attributed to sp2 carbon) and the narrow diamond peak around 1332 cm'; and the
intensity of continuum emission underlying this region[7]. Since the Raman
scattering efficienc I of graphite is about 50 times greater than that for
diamond, the 1550 cm- to 1332cm" intensity ratio can be roughly interpreted as
a percentage of non-diamond carbon in the film.

Substrate Materials. Some materials, listed in order of increasing thermal
expansion coefficient (TEC), on which we have deposited diamond films are given
in Table 1. In most cases part of the substrate surface was rubbed with diamond
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powder or paste to optimize nucleation. All attempts to observe, by Raman
scattering, any residual diamond detritus from the pretreatment have failed,
probably due to the low amount of diamond remaining and the weak focui of the
probe laser beam. The appearance of the diamond peak around 1332 cm- in the
Raman of the deposited films was taken as evidence of diamond deposition. As the
table shows, the peak Raman shift of this "eature depends on the substrate
material. A general correlation between t, . peak position and the thermal
expansion mismatch between diamond and the substrate material is seen. Raman
shifts greater than 1332 cm"1 are consistent with compressive film stresses
induced by TEC mismatch[7]. Interestingly, the film on copper exhibited a shift
less than 1332 cm-', even though its TEC is an order of magnitude higher than
that of diamond. Poor adhesion may be responsible.

TABLE I. Some Materials Diamond Coated with NEPJ

Mo, AIN
S•A AI N/Ti/W
51N AlN/Ti/W/Au

Material: OZ (Diamond) sic WC cermet A12 3  Cu

Peak
Raman 1332±2 1333±1 1336±1 1337±3 1340±4 1329±2
Shifts,
cm-1

Deposition Rates. Total deposition rates as high as 26mg/hr have been
measured using molybdenum plates with exposed 16 cm? areas as substrates. A 56
mg diamond film resulted from an 8 hr deposition at a plasma power of 2.4 kW and
,ubetrati temperature of 800 C (methane to hydrogen flow ratio of 0.5%). Figure
2 gives the diamond film thickness profile as determined Y beta back-scattering
and increased by 40% to give an integrated volume of 16 mm , corresponding to the
56 mg diamond deposit. Raman spectra as recorded at various positions on the
film are presented in Figure 3. The major variation appears to be the intensity
of a continuum background which has been attributed to photoluminescence rather
than true Raman scattering[7]. From the thickness profile in Figure 2, we
estimate a maximum thickness growth rate of 7 micron/hr. This is much lower than
the reported rates for thermal plasma jet processes of hundreds of microns an
hour. However, these high speed depositions are generally based on smaller area
films. If total deposition rates are used we have deposited at 7 to 26 mg/hr (2
to 7 mm3/hr) using a 2.4 kWh plasma. Values estimated from other reports do not
always provide a direct comparison to this, but we find, for example, for j DC
thermal plasma[8) that a small area 400 micron/hr rate corresponds to 30 mme/hr
at 10 kW. Higher rate processes tend to utilize higher powers, I kW for MWCVD,
1 to 10 kW equivalent for atmospheric torches, and approaching 50 kW for high
pressure thermal plasmas[91. An encompassing definition of process rate has not
yet been developed or adopted.

-' Figure 2. B-BS thickness
profile of adherent 56 mg
diamond film deposited on
molybdenum. Curve through data

4 , -points is scaled to experi-
34) , , mental film mass (see text).

Thickness uncertainty (1o) is
20 - indicated based on fi-BS

, counting statistics. Letters
C A 3 C F .A-F refer to Raman spectra in

1 0 8 IQ s F0i ur, 3 .

DISTANCE, --
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SFigure 3. Raman spectra
recorded for indicated
positions in diamond film in

C Figure 2. Diamond peak shifts
and full width half maxima, in
cm-, are: A-1337,11; B-
1338,10; C- 1337,11; D- 1336,8,
E- 1336,10; F-1339,9. Spectrum

Z" A indicates most scattering by
non-diamond carbon: broad peak
in range of 1500-1550 cmI seen
above estimated continuum
photoluminescence (cross-
hatch).

700 1200 1100

RAMAN SHIFT, c."'

Low Temperature Depositions. The NEPJ has demonstrated the advantage of
high power application with relatively little power dissipation by the substrate.
For example, we have obtained high deposition rates at low temperature on cooled
molybdenum substrates. In one experiment, the molybdenum substrate was mounted
on a water-cooled copper support block. Heat flux through the molybdenum
substrate was calculated from the temperature rise in the support block cooling
4ater and the water flow rate. This was used to put limits on the temperature
gradient across the substrate area upon which diamond was observed to be
deposited and indicated a surface temper ure of less than 100°C. The deposition
rate was 300 Ag/hr over an area of 2.3 cm corresponding to an average deposition
rate of 0.4 a/hr. A continous film was indicated by the appearance of color
interference rings.

In another experiment, a chromel/alumel thermreouple was welded to the
surface of a molybdenum substrate. The wires passed through a hole in the
substrate so that only the thermocouple bead extended above the substrate surface
(by-0.5 mm). Thus the bead temperature was assumed to be equal to or greater
than the substrate surface temperature. During a one hour deposition experiment,
the temperature was 292-300*C. Raman spectra confirmed diamond deposition on
both sides of the bead location and SEM revealed diamond-like crystals on the
thermocouple bead. No attempt was made to measure the weight increase, but SEM
revealed near continous film with composite crystals sizes of about 1 micron, as
shown in Figure 4. Diamond was confirmed in Raman spectra as shown in Figure 5.

AA"

Figure 4. SEM micrographs of diamond film deposited at about 300C.
Growth rate of crystals in B) is about I micron/hr.
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MAX. - 1333 Xm'

FWHM - 4 cm

Figure 5. Raman spectrum of

z diamond film in Figure 4. Peak
• centered at 1333 cm", 4 cm-1

wide (FWHM).

700 1200 1700

RAMAN SHIFT, cm-'

SUMMARY

A new high depositio I-dte process has been developed to produce quality
diamond films on a variety of substrate materials. Substrate cooling is not
necessary as in other high rate processes. Diamond films have been deposited at
high rates at a surface temperature less than 60OK, indicating that surface
temperature may not be a limiting factor for diamond deposition.
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GROWTH AND CHARACTERIZATION OF PECVD DIAMOND FILMS

J. A. MUCHA AND L. SEIBLES

AT&T Bell Laboratories, Murray 1111, N.J. 07974

ABSTRACT

Polyerystalline diamond films have been deposited on (100) silicon wafers by

plasma enhanced chemical vapor deposition (PECVD) using a 1.5 kW microwave

source to dissociate dilute gas mixtures of C11 4 and 0,2 in HIi. Films as thick as

20jim covering a 2" diameter area were deposited at 925 'C, 40 Torr total pressure,
and 500 sccm total flow. These have been characterized as a function of Cl1 4 [0.2-

4%] and 02 (0-3%] concentrations by measurements of deposition rate, stress, sur-
face roughness, morphology, and impurity levels (C-Il and amorphous-graphitic car-
bon). Addition of oxygen to the discharge tends to reduce impurity levels in the

diamond films; however, this is accompanied by a reduction in deposition rate.
When an effective C1II 4 concentration [= %C11 4 -%.,) is used as a me'rio for

0 2 -containing feed compositions, deposition rates as well as film properties are

found to agree well with those obtained in the absence of 0-. Thus. 1% CHI in

hydrogen is nearly equivalent to 4% CHI, 3'7 O in hydrogen as feed compositions

for depositing diamond.

INTRODUCTION

CVD diamond research which began in earnest in Japan in the 1970's has

expanded considerably in the 1980's with large efforts in Japan, the United States,
and Europe. Most of the early Japanese work demonstrated that diamond was

indeed the dominant phase that formed using hot-filament dissociation of dilute
mixtures of methane in hydrogen. During the 1980's, U.S. researchers focused on

confirming these results and elucidating the mechanism of diamond formation while

their Japanese cohorts focused mainly on developing novel sources for diamond
deposition. As a result, DC and microwave plasmas, oxy-acetylene flames, and DC

and RF thermal plasmas have all been found to produce diamond and the Japanese

have virtually cornered the market on patents relating to sources for the production
of polycrystalline, CVD diamond thin films. It was not until the late 80's that
attention began to be focused on determining the properties of these materials.

Perhaps the most important were the demonstration that CVD diamond can exhibit

a thermal conductivityl, 2 near that of bulk diamond at room temperature

(- 10 W/cin K) and resistiP,'tiec near 101c- c-m suggesting that CVl) diamond

Mat. Res. Soc. Symp. Proc. Vol. 250. 1992 Materials Research Society
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diamond film by comparing the relative intensities of the characterei-ti sharp dia-

mion d Ram an band at 1 3 32 em - Ito t hose of non- d ismond carbon ( amorp tous al1
graphitic, a~g-C) which appear as broad bands in the regions or 13.30 1380cm-

and 1520-1-580 cm - . Infrared spectra were recorded using a Mattson Alpha C'en-

tauri Fourier transform infrared (FTIR) spectromeeter. The interferenice fringes

observed provided a useful estimate of the film t! irk-ness. ba-sed on thet a~ssumned

refractive index of 2.42. In addition, the presence of hydrogen in the filmn wasL

detected by absorption bands in the 280(-3(M) cm- C-I1 stretching region. Rela-

tive C-I-I concentrations in films was determined by integrating this banod ink thle

absorbance spectrumn and normalizing to filmi thickness.

RMS surface roughness (RA\) and stress were measured] using the Sloanl Dektak

model HIA surface prorilometer. Thre radius of bowing (R?) of the wafer %%a., com-

plttedl from the Dektak scan length and deflectio~n, and the film s-tress wa~s obtained

(crf, dyn em- 2) ussing the expression

F, -t

6( - v, t1 fR

where E, is Young's modulus of the substrate. v1, is Poisson's ratio of the subst rate.

and t,* and tf are the thicknesses of the substrate and film, res;pectively. \lorphoi-

ogy. grain size, and domninant faceting of the polycrystalline films were examined

using anl Olympus 1311-2 optical microscope. Under maximuim magnification (IS50)
X) it was possible to estimate grain sizes and habit down to about I Itm-

RESU1LTS AND) DIS(,IJSQ-SION

(;eneral Observations

D~iamond films. lip to about 201irm thick were deposited on the' silicon sub-

strates over an area of albout 50 mm in diauietcr. This corresponded closel ' to our

observations of the extent of the active glow region of the plasmYa ball.- The grain

si zeC5 obse rvel :it these films 'Seemed to be( ii, Ic pen dlent of "he ('11 an 1() co0'n
of tile feed gas;. Usutally, grain sizes were I - :3 11it); however, grains a~s large a~s -5 - tt)

p il were, observed in mnany films, but were usually niot in high "once nt ration. 'Ihi

only exception to this gen erali ty w as observe with h tig h ("Il conee0t rat ins

(> 2"' ). 1Here, grains size becamne smuall (< < I1ipm) and the fims took onl a more

sperula r appearance in reflection than tile gray "emecry clothli" look typ icalI of di -
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Figure 1. IDeposlition rate as a function of methane conventmrtion in a ,)(X) seemn

flow of hydrogen at. 025 C. 41t) Torr, and I.-I k\V Incident mnicrowave power. The

solid line represent a least-squ ares fit to the (Ilt.-only data (Solid symbols). Open
symbols refer to deposition rates obtained by adding oxygen and are plotted against

an effective methane concentration (ý VC11 4 - '7O.-,f1. Pie numbers within the
symbols refer to the actual '7iCII. in the feed gAs.

Variations withI Methane Concentration

The solid symbols in Fig~ime I show the vari~itiori of de'position rate wvith

methane concentration. The solid line represents a least1-squares fit to the data with

the. exception that the highest C'I1, potnt. (3%,) was exclidied from the fit slnce the

Ramnan spectrum of this film suggested it was non-diamond. The overall growth

rate, based on the slope of the least-sqoares fit,, is 0.235jim/Ihr per (7C1 CI and1 the
correlation coefficient is (1.960. The observed rates are of similar miagnituide to those

reported )by others using hot-filament and low-pres-more microwave sources-. The

apparent, positive intercept (0.13 ji n /hr) of the fit. to the data loo~ks. statistcal sig-
nifleant, and] it is likely that etching of the siirrounioling, graphite siisevptor is slip-

p lyinrg gas- t)Iiase carbon for diamond depositin
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Below 27/-c CH4, polycrystalline diamond was the main form of carbon depo-
sited based on the characteristic 1332cm - diamond band observed by Raman
spectroscopy and the cubic faceting of grains seen using optical microscopy. While
the diamond lines generally dominated the low frequency range of the spectra, they

were superimposed on a broad, intense photoluminescence (PL) background and

always exhibited some contribution from a.g-C near 1560 cm- .

Between 2% and 3% CH14 the morphology of the films became heterogeneous

with diamond concentrated in the center (I" diameter) surrounded by amorphous
and graphitic carbon (a,g-C), and some soot forming on the outermost regions the
same wafer. At 3% 9HC 4 , diamond crystallites were no longer observed and the
regions of soot formation on a smooth a.g-C film became more pronounced until at
4%, soot was the only form of carbon deposited. The Raman data for the films
grown with 3% C11 4 displayed two broad bands near 13.10cm- 1 and 1580cm- .

indicative of disordered microcrystalline graphite and some amorphous carbon, and

no characteristic diamond feature at 1332 cm- 1.

Along with the variations in carbon allotrope, we also noted changes in crystal
habit as CH 4 concentration was increased. Below C.5% 114, triangular. ( 11) faeet-
log of the diamond crystallites was dominant. At higher concentrations, the films
began to display increasing numbers of square. (100) facets until at 2.5% ('114 a
nearly complete conversion to (100) platelets with their normals oriented strongly
along an axis perpendicular to the wafer surface was observed. Figure 2a shows that

the surface roughness changes in accord with these observations. At low methane
the RMS roughness was nearly 3000 A and continuously decreased with increasing

methane concentration. This is consistent with the formation of more (100) pla-
telets and smaller grained a,g-C which begin to dominate the morphology of the

film at higher C"I4 concentrations. The low-methane roughness corresponds to
about 10% of the film thickness and is comparable to the grain size of the films.

This seems to be typical of other CVD diamond films based on reported SENI data.
For most thermal applications the roughness reported here are acceptable: however,

polishing may become necessary with thicker films.

Figure 2b shows the stress in these films is strongly tensile, ranging from a low
of 3x 1• dyn cm 2 to a high near l.6x l101( dyn eno- 2 as methane concentration is

varied. The origins of stress are unclear but may bh indicative of the mechanism of

grain growth. For example, nuclei that grow henmispherically until they touch, and
then undergo columnar growth are likely to induce tensile stress through intera-

tomic forces at the grain boundaries. Thermal mismatch between the snbstrate and

filtn cannot account for our observations since differeotial thermal expansion would
result in compressive stress on cooling. Interestingly, stress appears to maximize at
onearly the same CIII concentration that w(. •bserve the onsec of formation of ot her
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carbon allotropes and decreases as the films become more amorphous in character.

The high stress is certainly a limitation to further processing such as metallization

and patterning since lithography requires a flat working surface. Furthermore, the

high stress may also limit the adhesion of thicker films to the substrate. Tihus,
stress control will be an extremely important issue in the technological applicability

of CVI) diamond.

Purity is another factor in determining whether CVID diamond is a useful

dielectric material. It is we)l established with oxide and nitride dielectrics in silicon

technology that impurities, hydrogen in particular, are deleterious to the reliability

and performance of microelectronic devices operated under electrical stress. CVD

diamond is a more complex material since graphitie carbon contamination as well as

hydrogen can accumulate at grain boundaries or form defect sites within crystallites.
Raman spectra were invaluable for identifying non-diamond carbon as the origin of

changes in morphology with C11 4 concentration. The non-diamond carbon struc-

tures represent a major source of contamination in CVD diamond films, and since

the intrinsic Raman intensity of graphitic carbon is significantly greater than dia-

mond, Raman characterization is an effective means for detecting low-level a.g-C

domains. We have adopted the intensity of the diamond line at 1332 cm - I relative

to the intensity of the major a.g-C band near 1560 cm- I as a convenient assessment

of quality of our films. Figure 2c shows that this ratio decreases from 12.6 to about

3 as CH., concentration in the feed gas 5mixt ore is increased from 0.2% to 1.5'., fal-

ling again when C'1 4 concentration is increased above about 2.5%'; (i.e.. when no

diamond is deposited). It is clear that film quality, based on a,g-C contamination. is

best at the lowest CIII concentrations where the deposition rate is low. This is not

surprising since in dilute C11 4 /113 mixtures, the amount of If atoms relative to film-

forming carbon species is likely to be higher, thus allowing the more complete reio-

val of a,g-C during diamond film growth.

As important as a.g-C is as a source of contamination, hydrogen may be more

important. Infrared spectroscopy is useful for detecting bound hydrogen in thin

films, and we have detected C-I- in our ftilms by broadf absorption banuds centered

near 2830 cm - I and 2920 cm - 1. These have been as.signcd to the syminetrir and

antisymmetric stretching modes of hydrogen hound to spal carbon. The variation of

the integrated absorption (normalized to constant film thickness) of these bands

with Ci'11, concentration is shown in Figoire 2d. As ca in be setcn there is a smoo(th

increase in hydrogen incorporation with increa•sing Cll, spannning films tiat are

nearly pure diamond (low CII(4) to a film that is ion-diamond (3% CII ,, see above).
U sing the C-I absorptivity reported for hydrogenated silicon carbide films

(1.7x 1()21 cm - 2)5 and the atorr density of diamond (1.7T6x lOŽ' cmr- -'), we estimate

the, C-Il concentrations of Figure 2d range from a low of t.- at-% for feeds
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containing <1% Cf14 to 4 at-% at 3% CH 4 . Based on our present. understanding
of the mechanism of diamond film growth, this trend is not unusual. Since one key

role of atomic hydrogen is to abstract hydrogen and form carbon-centered radical

sites both in the gas phase and on the surface of the film, increased C"4 concentra-
tion will tend to deplete the system of atomic hydrogen. This results in incomplete

removal of C-I1 on the growing surface and inclusion of these "defects" in the erys-

tallItes.

Generally, for most dielectrics used in devices, hydrogen concentrations less
than 1% tend to be benign for low voltage applications. Thus. diamond deposited
under the present conditions using CfA4 feeds less than about 1.4% may be suitable

for laser heat sink applications. Applications involving high potentials, high fre-
quencies, or exposure to ionizing radiation may require films with lower hydrogen

concentrations. However, our analysis here is deliberately conservative, erring
toward higher concentrations of hydrogen in the diamond. The smooth transition in

C-H content as carbon allotrope changes suggests that the hydrogen may be concen-
trated at grain boundaries in a-C rather than in the crystallites themselves. Thus.
by developing chemistrie" that minimize ag-C formation we might expect consider-

able improvement. One possibility is the use of additives such as oxygen and some

preliminary results are presented in the next section.

Effects of Oxygen

Generally, oxygen additions appeared to improve film quality, particularly in

terms a spectroscopic purity based on FTIR and Raman data. For example, using a

2% CH 4 feed composition adding 0.6% oxygen reduced the hydrogen concentration
of the film from about 1.9 at-% to 0.8 at-%. Further increases In 0., concentration

resulted in only a minor improvement, leveling off near 0.7 at-%c hydrogen for 1(%ý
added oxygen. Also, with methane feeds greater than 2%. we consistently were able
to deposit diamond rather than a,g-C when oxygen was introduced along with
methane. However, we also noted that oxygen tended to suppress the deposition
rate as well. By making the alssumption that addition of oxygen did little more then
consume carbon through the net reaction

C + ()2 - CO2 (2)

we find strong correlations between the growth rates and film properties, with and
without oxygen. Since Cl1U is tht, primary source of carbon in our system tile

difference [%CI14 -%()21 has been found to a useful metric for making these
correlations. The dependence of the deposition rate on this effective methane con-

centration (--[%Ch1, - %0O2]) is shown in Figure 1 by the open symbols. Thus. for
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example, a feed composed of 4% "1 4 and( 2,2'7 0. is plotted a~san effectrue

methane concentration of .8.For completeness, tile number within thle .ýyuibol

gives the true C114 concentration in the feed. AM canl he seen, the agreemeint with

the C114l-only data is good over the range of Cl14 concentrations actually used

0.9 - 3.9 %. Io fact, a least-squares fit of this data yields a correlation coefficientt as

good as the Cf14 -only data with a overall rate (0.222 p in/hr per iC11 0 17~)

within 10% of the C11 4 -only data.

Moreover, when stress, Ranman. and FTIlI data for films deposited with oxygen

are plotted u-ing this metric, they tend to cluster around the 0CH1-only data atid

exhibit similar trends. This 'is shown by thle open symbols in Figures 2h - 2d1. There

is too much scatter in the roughness data for films grown with added 0ý, (Figure 21).

open symbols) to dIraw the same conclusion-, however, films were ;llways rotigher

than predicted solely from the 0l4 content of thle Plasma. It is' Clear front thle

present results that, with the exception of surface roughiness, the propertie~s of the

CVD diamond filmns are Improved by lowe ring thle growth rate whet her by, red neing

CH-4 concentrations or by adding 02 to methane-rich feed,-.

SUMMNARY

Polycrystalline diamond filmts have been dposited onl (IMt) sillicon Nwafers by

microwave enhanced chemical vapor deposition gas niyt ures of ('11,1 and 0 -, in 11 '..

at 410 Torr and 925 'C. These have been characterized as a function of ('114 , t.2-

4%] and 02 [O-:3%1 concentrations by mea~surements of deposition rate, s4tress. Sur'-

face roughness, morphology, and impturity levels, (C-il and a,g-C). Deposition rates

varied from 0.15 to M.74pm /hr. RNIS surface roughness J< 30t00 Al appears amecept-

able for heat sink applic-ations calling for Film thicknesses under 20 - 30 pml: how-

ever. tensile stress levels 1> 6x 1 0q dyn cot - 21 must be reduced to improve adhlo'iou

and permit further processing.

Addition of oxygen tend,, to redluce imipurity levels in the diamnon I filmns: ho%%-

ever, this is acce ompanied by a redumction *in deposition rate. W~henci an cffcrtire ( it

concentration J=I %0 21 is Itsed( as a muetric for 02-root smitng feed compol,-

sitions, deposition rates as well as film properties. arc found toagewllitths

obtained in the absence of 02. Thuns, 1'i "I14 'in hydrogen is tne-arly equivalent to

4% (114, '3% 02 in hydrogen as feed coumpositions for depositinrg dniamond-
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ABSTRACT

We have deposited diamondlike carbon (DLC) films on a variety of substrates
from 250 C and higher. The effects of deposition temperature on the properties of
DLC films deposited by a conventional laser ablation technique are compared with
that of a unique laser-plasma deposition scheme. The calculated values of neff,
the effective number of valence electrons, suggest that, with the increase in the
deposition temperature, the diamondlike component (sp3 bonds) remains invariant
for the laser deposited samples, and increases for the laser-plasma deposited
films. Raman measurements show that the Raman allowed 'G' band upshifts to
-1600 cm- 1 for both deposition schemes. However, the disorder induced O band
remains invariant at -1370 cm"1 for the laser ablated samples, and downshifts to
-1350 cm"1 for the laser-plasma deposited samples. These results suggest a
correlation between the diamondlike content (sp3 bonds) and the Raman shift of
the 'D' band.

I. INTRODUCTION

The laser deposition process manifests nonequilibrium features during
deposition such as atomically and electronically excited (as well as ionized)
species and fast quenching, which lead to the formation of films in metastable
states with unique properties. Malshe et al [1] and others [2, 3] have shown that the
physical evaporation of graphite atoms has resulted in the deposition of hard
diamondlike films. Herein, it is shown that further nonequilibrium features can be
incorporated into laser ablated plasma by coupling capacitively stored energy to
the laser ablated spot in synchronism with the laser pulse. Uniform depositions
over a significantly larger area are characteristic of this deposition technique, and
the amorphous hard carbon films deposited by this method show improved optical
properties as well as increased hardness as compared to films deposited by the
conventional laser ablation method [4]. These improvements result from an
increase in the sp3 to sp2 ratio in the DLC films, as estimated from neff values
originally derived by Savvides [5].

Briefly, since most x -> ,* transitions occur at energies below -7 eV, and a
a* transitions make no contributions below - 9eV, it is possible to estimate the
fraction of sp2 bonds (and hence sp3 bonds = 1- sp2 ) using 'neff' data at energies

1Current address: 706 Southwinde Dr., Bryn Maur. PA - 19010.

Mat. Res, Soc. Symp. Proc. Ve,. 250. , 1I 92 Materials Research Society
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below 5 eV. The contributions of the n -> n*' transitions as calculated for graphite

and a-> a* transitions as determined for diamond are shown in Fig 1 [5].
The DLC films are characterized by spectroscopic ellipsometry and Raman

scattering spectroscopies.

II. FILM PREPARATION BY LASER ABLATION

The simplest scheme for the laser deposition of DLC films is the direct ablation
of a graphite target. The apparatus used for laser evaporation and deposition

consists of a chamber maintained at a base pressure of 10-6 torr. The substrates
were single crystal silicon mounted on a heater. The target was a mostly single
crystal mineral graphite. The laser used for these experiments was a XeCI excimer

laser (X = 308 nm, Pulse width z 40 nsec) at a constant fluence of -5 J/cm2

(estimated power: - 1.25 x 108 W/cm2 ). The substrate to target distance was - 3.0
cm.

A. Optical Properties

The optical properties of the DLC films on <100> Si substrates were analyzed
by spectroscopic ellipsometry. Briefly, an automated rotating analyser ellipsometer
with a Xe lamp-monochromator combination for producing a spectrally separated
probing beam for sample analysis was used. A two phase ambient-sub~trate model
was adequate to compute the refractve index, 'n', and the extinction coefficient, 'k.

The refractive index 'n' of films deposited at 250, 500 and 1000 C are shown in

Fig. 2 (a). The 'n' values are smoothly varying as a function of hv, which is typical
for amorphous materials possessing short range order (SRO). It is interesting to
note that the films show little difference in 'n as a function of increasing substrate
temperature. The imaginary part of the refractive index also known as the extinction
coefficieni is shown in Fig. 2 (b). The sequence of curves are smoothly varying with
hv. The results for neff are shown in Fig. 2 (c), and indicate a diamondlike content

(sp 3 bonds) of 65%, 65% and 63% for the films depos;ted at 250. 500 and 1000 C
respectively.

B. Structural Properties:

Raman characterization was carried out with an Ar-ion laser (2.41 eV) in the
usual Raman scattering geometry. The incident power at the substrate was below
70 mW. The Raman spectra with the 'D' and 'G' bands are shown in Fig. 3 (a-c ) for
DLC films deposited at 250, 1000 and 500G C. The Raman bands were

deconvoluted into the 'D' for disorder mode and 'G' for the Raman allowed bands
using Gaussian fits for the spectra. The 'D' band has been attributed to scattering
by disorder activated optical zone edge phonons and the 'G' band to graphitic
optic zone center phonons 16].

The calculated curve for the 250 C deposition, shows an excellent fit to the data
(Fig. 3 (a)). A broad spectra is observed showing the Raman allowed 'G' band at

-1537 cm- 1 . The disorder induced 'D' band with a smaller intensity is observed

near 1400 cm'". The calculated curve for the 1000 C deposition also shows an

good fit to the data. The 'G' band has upshifted to - 1555 cm" 1 and the 'V' band

has downshifted to - 1370 cm"1 . The spectra at 5000 C exhibits a 'G' band with a

narrower halt width upshifted to - 1596 cm"1. moreover thc' 'D' band with higher

intensity, is now evident near - 1373 cm"1 . In other words, no change was
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observed in the 'D' band position over a 400 degree increase in substrate
temperature whereas, the 'G band upshifted. The discrepancy in the calculated fit
and the data is due to a broadening of the tails of the 'V' band. A similar tail
broadening has been observed in the Raman spectra of highly defective CVD
0imond films and has been ascribed to regions of sp 3 adjacent to sp2 bonded

"carmon, whereas the central peak arises from regions of sp3 further away from sp 2

structures (7].

Ill. FILM PREPARATION BY A LASER-PLASMA HYBRID TECHNIQUE

In the new laser ablation/plasma hybrid technique a 0.5 hF capacitor, placed
outside the vacuum chamber is connected by feedthroughs between a 20 mm-
diam graphite ring electrode (0.65 cm from the target) and the graphite target. The
capacitor is charged to 1.5 KeV by a stabilized DC source. Synchronously with the
impingement of the laser pulse on the target, the capacitor is automatically
discharged and a large discharge plume which extends from the ablated spot to
the ring and beyond upto the substrate is formed. The inductance of the capacitor-
ring-target circuit was not very critical to discharge the capacitor. Details of the
experimental setup have been described elsewhere [6]. A KrF laser ( X = 248 nm,
Pulse Width = 40 ns ) was used at 10 Hz repetition rate to give a power density of
-1 x 108 W/cm 2 at the target surface.

A. Optical Properties

The refractive index 'n' as a function of photon energy, for substrate
temperatures 250, 1000, 300o and 5000 C are shown in Fig. 4 (a). The results
show a family of curves that display a clear dependence of 'n' on substrate
temperature. The DLC films deposited at 250 C shows the highest 'n' values, and
that deposited at 5000 C the least. The spectral dependence of 'k , the imaginary
part of the complex refractive ;ndex, (also known as the extinction coefficient), is

shown in Fig. 4 (b). The neff values are shown in Fig 4 (c). The sp 3 ratios are
estimated to be 77%, 81% and 86 %, for the films deposited at 1000, 3000 and 500W
C, respectively.

B. Structural Properties

The Raman spectra of the laser-plasma deposited samples in a vacuum

ambient of 10-3 torr are shown in Fig. 5 (a-c). The depositions were done for
substrate temperatures of 250, 3000 and 5000 C and the effects are clearly revealed
through the variations in the Raman spectral profiles.

The Gaussian deconvolution exhibits excellent fits for the films deposited at 250
and 3000 C. In the 5000 C film, the 'G' band shows an excellent fit on the high
energy side, however, a difference is observed between the deconvoluted spectra
and the experimental curve for the 'V' band.

On increasing the substrate temperature the 'D' band downshifts to 1350 cm" 1

and the 'G' band upshifts to 1600 cm"1. Moreover the halfwidths of both bands

decrease, suggesting a local ordering of the sp 3 and sp 2 bonding components of
the DLC films to perhaps intermediate range ordering. The 'D' band increases in
intensity, relative to the Raman allowed 'G' band. The biggest indicator of change
however is the large 'D' band shift. In the DLC films deposited by laser ablation the
'D' band shift was minimal.
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IV. CONCLUSIONS '-

Two deposition schemes were N a
utilized for the deposition of
diamondlike carbon films. The first and
simplest was the laser ablation of ,
graphite to form diamondlike carbon -
films, using a medium intensity XeCI ,

excimer laser. The second technique =. .

used a novel hybrid laser-plasma Rama. Shift (cmo1)

scheme wherein the the additional
charge from a capacitor was added to b
the ablated vapor plume.

The most interesting factor in the •
optical measurements concerns the a
change in the effective number of -

valence electrons. neff. With increasing .

deposition temperature. the

diamondlike component (sp 3 bonds) I- 10 -- .. "
was invariant for the laser ablated films Raman Shift (cm-1)
and increased for the films deposited by
the laser-plasma technique. . C

In both the deposition schemes the • / /
Raman allowed 'G' band upshifted with '
increasing deposition temperature. / "'

However, in the films deposited by the .
laser ablation technique, the 'D' band g " ,"
remained invariant and in the films E -
deposited by laser-plasma ablation, the
'D' band downshifted. Based on these R.3man Shift cm I!
observations, one could suggest that Fig 5. Raman spectra for DLC f£ms
the 0' band shif is indicative of the sp 3  deposited by laser-plasma hybridconcentration scheme, at substrate temperatures

of (a) 25. (b) 300 and (c) 500- Cr
The 'G' band shows an upshift in
values to -1600 cm' 1. however, the
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